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FPOREWORD

‘In recent years, speaker identification through the use of voiceprints
has been an important and much publicized source of evidence in investigative
activities and in crimiﬁal court proceedings. Speaker identification
techniques currently in use are hampered by time consuming, manual methods.
The unscientific subjective nature of those methods has also led to controversy

over their admissibility in courts of law.

In an effort to overcome these drawbacks, the National Institute of
Law Enforcement and Criminal Justice has supported efforts to evaluate the
effectiveness of speaker identification techniques and to develop improved
methods and equipment. One such effort, conducted by the Electronics Resarch
Division (ERD) of Rockwell International, was & project to develop techniques
for quantitative, reliable, computer-aided speaker identification. This effort .
consisted of an algorithm development, or analytical studies phase, and a

prototype system development phase, conducted concurrently.

The analytical studies utilized both mathematical and experimental methods.
In particular, the specialized speech research laboratory facilities of ERD's
Information Sciences Group were used to acquire and process a data base of over
6,000 specially designed sentences, recorded over a telephone channel from 254

speakers, yielding over 35,000 usable phonetic segments.

 The speaker comparison system which resulted from these analytical studies

operates in the following sequence of steps:

Input of the analog speech recording into digital computer memory.
Display of the speech by the computer on a video screen,

Oéeraﬁor examination of the speech display, and use of an electronic
pointer to specify to the computer those elementary sounds, or
phonemes, in the speech recording to use for comparison, This step
is called phoneme labeling. Thirteen (13) phoneme types, out of
the 40 or so which comprise English speech, are used.

Computation by tﬁe computer of thirty measurements, called "features,"”
on each phoneme labeled by the operator.,

Repeat of. steps 1 to 4 on the other speech sample to be compared.
Computer computation of numerical''distances" between corresponding
phonemes of the two speech samples, consisting of weighted com~
binations of the features from step L.

Computer averaging of distances by phoneme type, and merging of the
thirteen types down to ten.

Computer combination of the merged average distances into a single
number called the "similarity measure."

Translétion of the similarity measure into a probability that the
speakers are the same or different. The relationship between the
computed similarity measure and the likelihood of a speaker match
or mismatch was obtained by performing steps 1 through 8 on a large
fraction of the speech recordings mentioned above, and tabulating

the results.




‘ » The problems which had to be solved, and the tasks which had to be carried . © The report which follows describes how the analybical studies tasks

°ub n The BASIS Analytical Stasies included: [ ?f' . were developed, including some approaches which were not successful and

: : { 3 some recommendations for further work. That the results were, on the whole,
1. Design of phonetically and statistically valid speech data bases ;

highly successful isvdue not only to the intelligence and perseryerence of
and recording procedures. :

‘ : the SASIS team, consisting of Dr. James Paul, Dr. Arthur Rabinowitz,
2. Recruitment, screening, scheduling, and recording of over 250

' ‘ Dr. John Riganati, Dr. John Richardson, Ms. Marilyn Kimura, Ms. Marilyn
speakers. o

. Griffith, and Mr. Gerald Kephart, but also to the conbtbinued support and
3. Processing of the data baseg to examine, analyze, label, extract,

encouragement of the Aerospace Corporation staff who acted in the capacity
and catalog over 35,000 phonetic tokens. :

of the program managers for LEAA, and to the management of the Electronics
L. Research on the effects of coarticulation on speaker comparison. _

Research Division of Rockwell International.
5. Development of a large set (162) of candidate feature measurements

Iy
and refining of that set down to the thirty best features for each .
‘ ~R. J. Rennick
phonetic type. '
! . . 6. Research on the effects on speaker comparison of the chammel over .
which the speech is ﬁransmitted and the acoustic surroundings at
the speaker location.
‘ _
7« Development of optimum techniques for combining features into
distance measures, and distance measures into similarity measures.

8. Development of statistically valid system performance testing

techniques . . | (

'
Moreover, the research and development activities listed above had to

! be carried out in such & manner that ithe techniques which were developed
could be easily transferred from ERD's large research computer to an inexpensive

. minicomputer system without losing anything in the process.
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. S : » I. INTRODUCTION
| TABLES (CONTINUED) |

1.1 OBJECTIVES ,
B e fon Sereuted Distance Memsures . rineiri i1 7l The cbjective of the Semi-Autonatic Speaker Identificebion System
g:i - ' g:ﬁg . (sas1s) de&elopmgnﬁ program was to design, fabricate, and deliver a prototype
g:g i ‘ g:gﬁ ' computer-aided speaker identification system. The system is designed to
8.i Percent Change.in Intra;peaker and Interspeakér Aferages.... 8.6 . analyze, pafémeterize énd compare selected samples of criminal and suspect
g:g Rules uséd to form briplets of di;%ances.to‘produke 10 8.7 - utterag?es. From this comparison, a similarity measure between these
8L énumbers per speaker comparison per event.........}.....«..-. 2:32 utterances may be derived and probability measures may be produced indicating
8.5 %ﬁirgziza:irﬁgfﬁifnzfni222§izdczipzizsgzjze:;3°2ieui22%~ 3?{ - whether the utterances were made by the same or different speakers.
ing portion of Data Base TT..eoeceseserrccraranoerssasisoossas 8.13 ﬁ
B e o oo e o & e e o e Bk | - Tuis report Gescribes the technical stuties vhich were cvrried out
8.7 ,ggziiigéeggitggz i%méiizi;Zszeii?r?.??%??%%???,?T?T.???..... 8.17 to develop the techniques used in the SASIS prototype system. The objective
813‘ ~gzig'BimeI§Pgi?ii323°§ezg égrsgea§::s;ii;iiigszorEEZZK?fow.x 8.54 of this research and development effort, hereafter referred +to as the SASIS
‘I’ . g:iOa Density Curves for Ten Two-Event Cases........ ...........,..j g:g% dl" . \”analyﬁical studies,” was to develop speaker identification technigues which
D on e g ' would be sccurate, relidble, repeatable, efficient, and objective. Noreover,
‘“~g:i% | ‘g;isgviizegeizjﬁyiogisi?fzuﬁiggliig ggguéi$$2:‘::::::::::::: g:gg ;‘ these techniques must also be cost~effective, in the sense of being capable
g1 . 9.6 1? of implementation in an inexpensive set of equipment, such as a minicomputer
9.2 Average spectral deviation as‘a function of ssmple duration. 9 8

systeﬁ. Furthermore, the teéhniques must be simple, in the sense of being

! - ‘ - ' : j capab;e of 0peration by a‘forensic technician who, although skilled in the
use of the system as he is in the use of other modern forensic equipment, is

‘ . - Vf; T not an expeft or an academiciah in the fields of linguistics or phonetic‘

acoustics, nor in the fields of electronics of.Computer science.

Voo . g . | L : | - 1.2 * BACKGROUND

' Research leading to the conception of the SASIS'can be divided

! ; _ . T . into two broad categories, one treating manual spectrographic comparison

ix" l'l

xiii i i




il
i
(voiceprint) techniques and the other treating automatic or semi-automatic

computer-assisted speaker identification technigques.

It is gengrally acknowledged that voice spectrograms contain
significant information about s?eake; identity. The spectrographic com- '
parison method has been usred extensively in forensic applications (People
vs. Law, 1974) but has been recently under increasing cri#icism from the
linguistic communn.:ty (Papcun, et al, 1973; Poza, 197h4). 'i‘he primary de~
ficiencies in the voiceprint technique are subjectivity on the part of the

voiceprint examiner, and lack of continuous training of the examiner's

discriminant ability.

The voiceprint research has contributed to the conception of the

SASIS in establishing a definite need for the system's objectivity and

introducing the concept of voice identification to the investigative and
forensic application arezs. The methodology of voiceprint comparison is
poorly documented in the published literature, but basically attempts to
match relevant areas of corresponding ;pectrograms for an identification
decision. This method qiffers significantly from the SASIS in that it

relies primarily upon the dynami: properties of the spectrum, whereas the

SASIS approach analyzes steady-state segments of phonetic events.

%
The computer-assisted approach to speaker identification has

also been investigated, and a number of systems have been proposed (Hecker,
1971, Holmgren, 1966). Most techniques developed prior to SASIS have

attempted to be completely automatic, based on digital spectrographic com-
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parison of samples of speech from groups of speakers. Typically, such
systems require the speakers to say a sequence of specified words, which
are aubtomatically segmegted and compared using Fourier, LPC, or analog
filter measurements. Such automatic segmentation techniques are not yet
advanced to the state where these systems can deal with the kind of un-
constrained speech found in criminal utterances. Therefﬁre, the emphasis
by the law enforcement community has been on techniques such as SASIS which
uses the best and most dependable capabilities of both the human operator

and the computer.

Two prior studies were sponsored by the Law Enforcement
Assistance Administration (LFAA) under Title I, Omnibus Crime Control and
Safe Streets Act of 1963, and relate directly to applications of éomputer~
assisted speaker recognition to law enforcement. These studies were carried

out by Stanford Research Institute (SRI) and Texas Instruments (TT).

The SRI semi-automatic speaker recognition study (Becker et al, ‘
1972) was the pilot study on which the SASIS architecture is primarily bésed.
Vowel events were labeléd on an interaétive graphics terminal displaying ﬁhe
time-squared series of the time~domain speech signal. These events were
specified using this time-energy information along with aundio playback, and
an expanded time series was displayed from which four pitch periods of the

steady-state portion of the vowel were manually segmented.

Three data bases were collected, one with six talkers for develop-

ment, the second with five talkers for further algorithm development, and the
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third with 100 talkers for system evaluation. The sentence material was
designed around the six vowels /i/, /uw/, /o/, /T/, /a/, and [=/. These
vowels were constrained to be surrounded by unvoiced stops to reduce co-

articulation and labeling complexity.

The labeled vowel segments were parameterized using LFC
spectral analysis, and individual spectral vectors for the six phonetic
events from each specker were concatenated to form an overall feature

vector for that speaker. All spectral measurements were assumed independent.

The first experiment attempted to compare a formant-oriented
computer-assisted identification approach with the voiceprint approach,
butl problems with labeling dynamic events and truncation for time-normali-

zation rendered the results of this experiment of little value in comparing

i ‘the two approaches.

Two other experiments served to evaluate four distance measures,

the uniformly-weighted Euclidean, the lﬁ: weighted Euclidean, F-

intraclass

Ratio weighted Euclidean and a maximum likelikhood (based on a gamma model)

classifier.

The first of these two experiments used the 25 utterances from
five speakers of the second data base. Perfect separation was achieved using
the maximum likelihood and F-ratio procedures; however, the statistics for
these were derived from the testing data. The 1/o classifier followed with

the uniform-weighted measure having lowest performance. When exposed to a
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supplementary data base of 14 speakers, disjoint from the five speakers, the
performance of the likelihood and F-ratio procedures dropped below the other

two distance functions, indicating a lack of validity of the statistics and/

or a lack of suitability' of these measures to the data.

The final experiment involved the third, lOO-sﬁeaker data base.
The six vowels, each parameterized into a 6M-spectral estimates from a 64-
coefficient LPC, were cancatenated into‘38h—dimensional feature vectors.
The first 50 speakers, Group A, were used for training (computing weights),
and the second 50, Group B, were used for testing. Classification per-
formance for each distance measure was eva}uated and ranked; the likelihood

measure ranked first and uniform weighting next.

The semi~-automatic approach advocated by SRI appeared to have
much merit. Based on Group B, if a decision was not made in 30 percent of

the cases, an error rate of less than 1 percent could be achieved; if a PII

error of 20 percent could be tolerated, a Pi error of 2 percent cbuld be

achieved.
!

The SRI study was well-founded and many of the results and

recommendations have guided the development of the current SASIS system.

A second speaker identification study under the LEAA Grant was

carried out at Texas Instruments (Hair and Rekieta, 1972). This study,

while supplementary to the SASIS development, does not directly relate to

'
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the architecture of the subsequent system.

This study made use of a data basé prefiously acquired from over
200 male and female speékers. The spoken data consist of six isolated words
recorded once a week for nine consecutive weeks. Phonetic events were auto-
maticaily segmented and spectrally analyzed over 32- and fh~-milliseconds

"steady-state" regions of the phonetic events.

The major deficiency of this study occurs at the onset and, un-
fortunately, propagates through the corpus of experiments that ensue. The
problem is that, of the five phonetic events used in the majority of experi-
ments, two were diphthongs /ou/ and /eI/ and have poorly defined steady-state
regions, especially as might be estimated automatically. Furthermore, the
64 msec spectral windows spanned dynamic regioné in a majority of these

diphthoyg cases. i

The remaining events are /n/, /i/, emd /a/. A sixth event, /I/,
was added to later experiments and showed substantial improvement, as might

be predicted, due to the outstanding discriminating ability of /I/ (see

Section 4.0 of this report) and the reduced weighting of less valuable events.

A number of experiments were carried out. Pattern vectors were
formed by cancatenating the individual feature .vectors of the five or six
phonetic events. Decision functions were based on the unweighted Euclidean

distance nearest-neighbor procedure. A distance threshold was inbroduced
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later to explore effects of open and closed sampling cases. It was shown
that female and male speakers had about the same intra- and inter-class
distance distributions, and that when decisions were forced, performance

was very similar.

It was also shown that significant improvement could be achieved
when the speaker referent was selected as an average of several utterances

rather than as a single utterance.

It was predicted that continual increase in the number of phonetic
events would continue to improve performance; however, this conclusion may
not be completely valid, since it is based only on the results of adding /I/
to the set. SASIS experiments of this nature carried out in a more con-

trolled fashion are d@scussed in Section 8.0.

1.3 APPROACH

The SASIS analytical studies project was divided into 20 tasks,

,each treating a particular aspect of algorithm development.

The organization and sequential order of the individual task

developnents is shown in Figure 1-1.

1.3.1 Description of Tasks
For clarity and ease of presentation, the analytical tasks are
not presented in this report in the chronological order of Figure 1.1, but

are presented in topic form in Sections 2.0 through 9.0.
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1. LPC Algorithm and Programs

g !
7. Develop Process Software

A
14.

\

15.

16,

17. Algo

18.

i6.

Distance Measure

Develop Similarity Measure

9.
10.
11.

12.

13,

2. Interactive Labeling Software 4.

3.

5.

Initial Sengence Design

Record Data

Correlation

",- \ \
Edit and Label Data ﬁ;ée I

Feature Extraction and Evaluation

y
Phoneme Analysis
Coarticulation Study':

Design Final Data Bases

Record Data Bases II and III

Edit and Label Data Base II

z
rithn Optimization
)

Compute Scatistics

Base I

Inventory

19. Sound Discriminétion Study

\

"~ FIGURE 1-~1.

y
8. Channel Equalization Study

v 20, \Analytical Studies Final Report

TASK ORGANIZATION OF ANALYTICAL STUDIES
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Section 2.0 is concerned with designing and acquiring three data
béses. Data Base I is the developmental data base and consists of 25 male
speakers speaking 20 senbences on two occasions. Data Base IT is used for
system optimization and evaluation and consists of 232 male speakers speaking
10 sentences on two occasions. Data Base TIT is used for system testing and
is composed of 50 male speakers speaking 10 sentences over a telephone network.
The tasks covered in this section include

{ ’
initial sentence design,

i

-

record Data Base I,

phoneme analysis,

design final data bases, and
record data bases IT and ITI.

The interactive digitizing and editing of the audio data bases along with

interactive phonetic event labeling and segmentation are discussed in

. Section 3.0. This section outlines the software and procedures used in con-

verting the audio data bases into digital form, and extracting from them g
set of nearly 35,000 labeled and segmented phonetic events. Included in.the
discussion are topics relating to generating the phonetic correlation

reference inventory, labeling error correction procedures, and a tabulation
of the resultant phonetic data bases.

The topics covered in Section 3.0 are

* interactive labeling software,

* correlation inventory,

* edit and label Data Base I,

* edit and label Data Base II, and
* sound discrimination study.
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Secqion 4.0 is concerned with phoneme and coarticulation analysis.
The results of this study are based on analyzing Data Base T and were used in
designing Data Base II and III. Based on these studies, 14 phonetic events
(Later reduced to 13) were selected for comparison in the SASIS, and a set of
second-formant (hubs) contexts were specified to span the range of contextual

effects,

v

Feature extra?tion involving defining, evaluating, and selecting
a set of features for each phonetic event independently. Featires included
are LFC~based, Fourier-based, time~domain-based, and a special set of
functions. The process of specifying the features was carried out in two
bhases. The first phase defined the procedure and a set of features based on
Data Base I, and the second phase were one of rptimization. Optimization was
carried out on Data Base IT, and a final set of 30 features for each phonetic

event was defined. These tasks are discussed in Section 5.0

In order to reduce system complexity, it became necessary to

decrease the number of inputs to the similarity measure. Section 6.0

discusses the process of reducing the number of allowable phonetic types

from 4 to 13 and then grouping (merging) the 13 phonetic types into ten

categories., The criteria for selecting merge candidates includes phonological

as well as statistical considerations.

The distance ang similarity measure design and optimization are

treated in Section 7.0. A distance measure using the weighted Euclidean

1.10

distance is computed for each phonetic event group. The similarity meacsure
procedure forms a desensitized Fischer discriminant based on the individual

phonetic distances as input variables. The similarity measure, S, is the

value of the discriminant function. A total of 1023 different combinations
of the 10 merged phonetic events are possible, and a unique set of Fischer

coefficlients were computed for each combination. .

'

The evaluation of the SASIS performance, including the production
of 1023 inter-speaker and intra-speaker probability tables from which to

interpret the similarity measure, S, is treated in Section 8.0.

Section 9.0 discusses the results of the channel equalization
study and summarizes the effects on the SASIS of using audio from switched

telephone circults with cperational acoustic environments.

l1.3.2 SASIS Rescarch Facilities

The SASIS analysis was carried out in the Speech Laboratory of
ERD's Information Sciences Group, This laboratory has a full complement of

audio filters, amplifierb, recorders, and a sound booth.

The computaticnal tool of the laboratory is a Systems Engincering
Laboratory 8600 computer configuration as depicted in'Figure 1-2. The CPU
is oriented around 32K - 32 bit word 600 ncec memory with a direct memory
I/0 subsystem. Three 150 ips 9-track‘magnetic tepe drives along with a 2l-
m bit disk are configured‘aiong with 4800 LP¥ electrostatic line printer/

graphics output device.

1.1
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Special purpose I/0 is accomplished via a h-port dato acquisition
system. Interfaced to this system are the analog conversion devices and an
interactive graphics terminal. The terminal consists of a storage CRT, key-
board and interactive graphic cursor control and provides the facility for

carrying out phonetic labeling.

This computer system operates under a real time monitor with full

multi-programming capabilities.

L.h TERMS AND CONVENTIONS

In carrying out the SASIS research and decumenting the results

of this research, a set of conventions and definitions have been established.

Context - Context refers to the phonetic environment in which
the phonetic event being observed is cer ' ered. In the SASIS

only the effects of the two adjacent events are considered.

Context free - Two phonetic events are compared in a context

free sense when no consideration is given to the influence

context. Example: §Shed and Pep.

Context dependent - Two phonetic events are compared in a

context dependent sense when the hub positions of the pre-

ceding phonetic events metches and the hub positions sueceod-

ing phonetic event match. Example: DPet and Bed.

Text-dependent -~ Two phonetic events are comparcd in a text

dependent sense when not only the phonetic events in conbext

1.13




are identical, but also the effects of stress and intonation

are similar. This is the most restrictive comparison con-

dition and is employed in the SASIS process. To satisfy text
i

depéndenéy, the two events being compared are extracted from

identical positions in identical sentences.

HuB - Hub refers to the position of the second formant and
is quantified as high, middle, or low. The hub position is

the primary source of contextual influence considered in the

SASIS (Potler, et al, 1947).

Triad - Phonetic events are labeled in the SASIS as a triad
of three phonetic events, indicating the preceding, central,
and succeeding event, though only the central event is seg-
mented and analyzed, the surrounding events are identified

to measure contextual effects.

Basis and query processes - The basis process refers to the

jnitial, unknown voice sample, and the query process refers

. :
to the known voice sample being compared with the basis process.

In a investigative enviromment, the basis is the criminal
. ¢ .
utterance and the query is the suspect utterance.

¥

»?5 and P__ - These refer to error‘probabilities of the first

S . IT o
and second types and'are specified for a particular decision

threshold. PI is the probability of two ubtterances from the

i

1.1h

same speaker being identified as not in the same class

(false exoneration). P&I is the probability of two

utterances from different speakers being identified as

in the same class (false incrimination).

Phoneme Labels - Table 1.1 defines the set of 34 phonetic

events used in the SASIS. Given in the SASIS event

nunber, the International Phonetic Association (IPA) alpha-
betic symbol, the SASIS alphaphonetic symbol, the class of
event, hub position, excitation, and an example of the
phoneme. SASIS classification is baséd on events 20 through

32. The remaining events are used in context positions.

SOC - The SASIS Operating Characteristic (S0C) curve is a

unified cuarve which plots PI on the abscissa and PIT on the

| S
ordinate.
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TABLE 1.) PHONETIC EVENT LARELS
SASIS ~ IPA  Alphaphonetic i Hub Voiced/

No. Symbol Symbol lass Position Unvoiced
L P X Stop Low ' U
2 b BX " Low v
3 ] ™ " high U
L a DX e high v
5 k KX " variable U
6 g GX " variable v
7 N/A XX silence N/A U
8 f X fricative low U
9 v X " low %
10 8 TH " middle U
11 s DH " " v
12 s X H n U
13 2 ZX " " v
14 S SH " high U
15 3 ZH " high v
16 W WX glide variable v
17 J T XX " " v
18 1 IX " " Vv
19 r RX " " v
20 m MX nasal low v
2l n NX " middle v
22 ) NG " variable s
23 i EE vowel high \4
ah I IX " " v
25 € BH " " v
26% a AH " middle v
2T Q. AA " " v
28 o, Ay " low v
29 U " " v
30 u 828) ! " v
31 A UH " middle v
32 3 ER " " v
33 e SW " u v
34 h HX aspirate variable U

% In Data Base I the numbering for AH and AA was reversed.

1.16

Example

beep
beep
ot
dot
kog
good
N/A
five
very
thin
then
six
200
shop
azure
work
yes
let
run
gdon
no
sing

eve

met
ask
father
all
put
boot
up
bird
the
hat

1.5 CONCLUSIONS AND RECOMMENDATIONS

The SASIS apalytical studies work has resulted in techniques for
performing statistically valid speaker comparisons for certain types of
speech over certain %ypesrof channels, and these techniques have been in-
stalled in a prototype system capable of being used by crime laboratory
Personnel., Performance evaluation of these techniques oﬁ.a large test group
gave very good results -- correct identification in 9L percent of the com-
Parisons for the case of nine available phonetic event types, and as high as
8l percent correct identification when only %wo phonetic event types were
available. These results were obtained on General American English speech
spoken into a telephone handset and recorded over a telephone channel simu-
lator. Some study was made of other dialects and other channels, resulting

in a recommendation that more work be done to refine the techniques to deal

effectively with these variations articularly channel variastions.
¥y s )

Topics which were not completely resolved, or were not even
addressed, within the scope of the SASIS analytical studies include:

1. Channel equalization ‘ /
- 2. Dialects other than General American English
. Female speech
H

'

3

L. Emotional stress effects in speech ‘
5.  Disguise

6

« Operator variability
: : |

' .
i ' ‘

1

Other technical areas considered to have great potential for

improvement of SASIS performance and range of applicability include:

1.1
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1. The use of nasal and glide enviromments.
2. Refinement of the amplitude normalization techniques.

3. Modifications to the distance and similarity measure

techniques.
L, More extensive consideration of coarticulation effects.

Channel equalization heads the list of unresolved problem areas.
During the recording of data bases I and IT, only stationary effects of
telephone microphone distortion and telephone line phase and bandlimiting
were introduced. Moreover, the sound booth in which the recordings were
made is a relatively "sanitary" environment compared to real-world acoustic
environments for bomb threats, extortion calls, and so forth., Based on the
small study made during the SASIS analytical studies, it was indicated thatb
inter-channel spectral variance on the same speaker can far exceed intra-
channel spectral variaﬁce for several different speakers. In addition to
the obvious direct effects, gtlis also a problem to know how to interpret
speaker comparisons made in different channel conditions than those on which

the system performance statistics are based.

The recommended apprgach to resolving the channel equalization
problem consists of making a large number of measurements over different
channels, in different acoustic environments, developing a model of the
channel process which would include both environmental noise and transmission
channel distortion effects, designing and testing a neutralization procedure,

and finally performing a re-evaluation of system performance statistics.

Another problem area which warrants some discussion here is the
question of operator variability. It is not known in a quantitative way
what variation in system performance is introduced by variations in the way
an operator, or different operators, label and isolate the phonetic events.
In particular, very little is known of the effect on SASIS operation of vary-
ing the position of the cursor in isolating the phonetic event. Zn a
sustained vowel, greater than 10 pitch periods are available from which the
operator selects three subjectively, and differences can occur in segmentation
between two operators. We suspect that these differences will not affect per-
formance significantly, but as yet, no means of quantifying these have been

developed.

In order to measure the effects of cursor variation, it is
recommended that an experiment be conducted with a set of phonetic eveﬁt
tokens which vary in duration from four to ten-plus pitch periods. Each
event will be labeled and isolated more than once, each time selecting a
different, but not necessarily disjoint, set of pitch periods. An intra-
speaker versus interspeaker comparison can thus be made measuring the degree
of variation directly attributable to modification in cursor position (event

boundaries).

Extension of the SASIS technigques to.include nasal and glide
environments heéads the list of suggested improvements. There are indications

that in real-world criminal conversations over telephone channels, as much as
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40 percent of candidate classification events possess a nasal or glide in
their immediate context. Since telephone threats, bomb calls, etc., are
usually short in duration and are often accompanied with extraneous noises,

it appears desirable to attempt to accommodate this type of data.

1

’

A procédure for determining the effects of these nonstandard en-
vironments on SASIS operation is to select data recorded from 25 or more

speakers from either Data Base T or II, or a combination of the two. These

data inherently have a large sample of glide/nasal environments. After
quantifying these environments, selected events from this already digitized
data base size could be as small as 1000 events, if well planned. The system

L3

statistics could then be recomputed based on nonstandard environments and

[ 4

compared with the standard-enviromment statistics. Should statistics differ

significantly, one of these approaches could be selected,

(a) remove from consideration nonstandard envirorments,

(b) de§e10p a second set of statistics to be used with
these environments, or

(c) develoé a normalization précedure at either the )

feature level oxr the distance measure level to ﬁormalize

! " .
the effect of these enviromments to thatAof standard

phonetic environments.

.- l .
1 ' |
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- The following are suggestions for future work in the area of phoneme
analysis and the effects of coarticulation. This list is not meant to be
all-inclusive, and it is expected that other points will‘require treatment
in-any further anal;sis. |

(i) Experimental work should be undertaken to ascertain which
contexts enable the highest degree of speake£ discrimination.

The usefulness of vowels in glide environments and the zero~

. introducing effect of nasals requires quantification. These

HUPS

optimal basis for phogéme selection by the operator.

(2) It is probable that individuals with a rapid rate of speech
will be less separable due to greater formant undershoot
and a highe; level of intraspeaker variance. An examination
of the_relationsh?p between speech rate and spectral variation
on an intraspeaker basis would be appropriate.

(3) The usefulness of relativély unstressed events and the conse-
quences of various syntactic structure requires consideration.

(4) The value of diphthongs in a discrimination situation should
be determined and rules developed for the consistent labeling
of such events,

(5) The extendability of the conclusions'developed in this study
to Mexican-American and Black dialects deserves further

attention.
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Amplitude normalization is another area for SASIS improvement,
particularly when confronted by noisy speech data. In the current SASIS
procedures, audio data is amplitude normalized abt the sentence level in
the time domain, using a combination peak and average magnitude hormali-
zation procedure. This‘procedure works well with laboratory data by
closely matching the amplitude levels of two sentences and preserving the

intrasentence stress levels.

+

-~ ? .

In an operational enviromment, audlo data is not structured on a
uniform sentence basis, and stress leyels are not.always identical with the
same speaker. This is due to different acoustic environments, emotional
stress, etc, Moreover, random segments may be edited from either the basis
or quer& utterance due to noise or other undesirable extraneous audio. It,

therefore, seems plausible to employ an alternate amplitude normalization

procedure on the isolated phonetic event.

The procedure proposed is to take a time~domain three~-pitch-period
segment and to normalize the energy in this signal to a reference value.

Two unknowns immediately ensue. TFirst, the effect on feature values is un=-

. 0

Second, system performance statistics (SOC curves) are probably modified,

"gince the input data has been modified.

v
[y

The task proposed 1s to introduce event-level amplitude normaliza~-
tion and to determine both the effect on feature selection and overall system
performance statistics. Given that the system is available with’both normal-

ization procedures, a comparison can be effectively derived on a limited data

base of operational data.

.

l.22

known, since the normalization process nePtralizes acoustiv stress information,

The distance measure being used in SASIS is an 'unedited' weighted
Gausglan form. A numyer of modifications are know which improve upon the per-
formance of this measure when the SOC curves are used as the criterion of
optimality. These w%re not pursuaed at this time for a variety of reasons.
Chief among these are the unavaﬁlability of the data at the time the experi-
ments were performed and the suspicion, supported by engineering Judement,
that an editing procedure would introduce conditions which‘are unrealistic
in the operational situation. For the second reason, the edited forms dis-

cussed in 7.2.1.3.1 were discarded; for the first reason, the forms discussed

in 7.2.1.3.2 were nobt pursued. Both of these deserve additional attention.

4

The two-step procedure described in Section 7.1 omits any infor-
mation from the distance measure block concerned with the amcunt of data
upon vhich any particular distance measure was based. Hence, it is not
known by the similarity measure if a specific phonetic event clasg distance
is based upon a single triad-pair comparison or multiple triad-pair com-
parisong., Certainly, this is sﬁatist;cal information which may be considered
to refine the validity:of the two~-step process. Wheﬁher this can be done
within feasonable cemplexity constraints (and evaluated with the data avail-
abié) is doubtful‘and this route has not been pursued., However, its effect

should be investigated. . o

.

Finally,'thevquestion of a direct or indifect approach to either

- 1

“'a distance or similarity neasure has been considered above within the con-

1

straints of the current effort, to be resolved in favor of the indirect
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approach. Under more general considerations and with the a priori existence ' L
2. The existing approach computes curves for each of the

of the data, the direct approach, particularly in a parametric form, has
1023 pseudo comparison sessions by averaging over

much to recommend it. This would be particularly appropriate after the ‘ .
R triad-pair triplets:

collection of realistic operational data.
| - (a) the veriation within classes of operational

interest should be com
The similarity measure used in SASIS is a linear forr where the computed,

. . (b) +the procedure sh 3 :

coefficients are calculated using a desensitized discriminant function which ( ) P ve should be repeated for

is optimal under a set of realistic conditions. A brief investigation of (2) triad-poir singlets
(ii) triad-pair "all-the-available-dataets

nonlinear forms was made. Although the examples given there were found to
3. An additional tabulation; based on the A wvalues them-

be superior to the linear forms, as judged by the SOC criterion, the non-
selves would give an additional perspective on how the

linear structure could not be completed in the time remaining on the current
statistics change with the data.

effort. Hence, a complete optimized linear form was chosen as the current

implementation rether thon 2 rother incomplete but promising nonlinear form. i Additinnal operational scenarics may be investigated with the
i

Clearly, the evidence presented merits reconsideration and extension of ‘ data available if it is restructured. Consider a
t ..

| 1’

these nonlinear forms. This would naturally result from a reconsideration i
' Scenario: base speaker: speaks 3 phonetic evente

of the data now available, in conjunction with a re-examination of the direct i : ' . .

, J / | . suspect 1 ! « speaks 3 phonetic evenhs

indirect tradeoff outlined above, : 8 vrepeats 3 " "

:L ; ‘ . - W " n 1 "

Full exploration of the results of the current system was cur-

tailed because of funding limitations. A number of very informative con- i Formulation A:

clusions merely await a few experiments. Among these are: /!

1. The intrinsic dimensionality reprecented by the 1023
cases described above. This is alluded to in Section 1.e., run the entire SASIS system 3 times

8.4, but needs to e mede more quantitative.
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Formulation B: e ?‘ﬁ%g&gﬁgd"} CExtended
= :E. LaRel lnfmf -
a-‘f , P, ‘ NLI } ff )-- _.__) EA
o : v

. i
N

Run the SASIS system oncé by extending the

reference data by repetition. .

Usine the current data, we may compute inter-specker numters using, e.g.,
3
speaker i, session 1 with speaker j, session 1 (this dota has not been

used %o date).

Specifically, compute .

1) " all the statistics again, and measure the sensitivities,
2) compute (a) A, using speaker i, session 1 and speaker J,
] session 2
(b) A, using speaker i, session 1 and speaker j,
session 1

.

across a number of scenarios and find the average
- A ‘
‘Al 2

' !A1+A

a4

2| ’

.

Either procedure would shed lizht on whether there should be any operational

preference for formulation A orib? formulation B.

} . R
i ) \

‘w

2.0 AUDIO DATA ACQUISTION

Three audio dala bases have been recorded during the course of the

analysis investigation. These data bases are deined as follows:

Data Base I - The pilot date base on which initial system design is
based. This base consists of 25 General American
English (GAE) dialect speakers saying 20 phonetically
balanced sentences on two scparate occasions, separated

by approximately two weeks.

Data Base II - The system optimization and evaluation data base.
This base consists of 193 GAE, 21 Chicano, and 18
Black Urban dialect speakers saying 10 phonetically
balanced sentences on two ceparcte occasions, separated

by one to two weeks.

Data Base III.- The system and protobype testing deta base.
This base consiste of 50 GAE speuhwrs (fxum Duta Base
II) saying the same 10 centences. Unlilie the other
two data hases in which recording was carried out in a
soundbooth, recording these data was carried out in
various laboratory and office enviromments over the
telephone network.




2.1 DATA BASE I ACQUISITION '

2.1.1 Procedure and Purpose

The first data base has ag its purpose to provide a basis in which
coarticulation, channel equalization, feature extraction, distance measure
and similarity measure studies can be carried out. In addition to these
tasks, the design of the more extensive Data Base IT and Data Base IIT is
based on analysis of this data base.

Data Base I is the result of a sequence of tasks. The first task
involves designing a sentence set sufficient to span the phonetic situations
of interest with sufficient representation to maintain statistical validity.
Next, a procedure for extracting voice samples was designed and the recording
equipment configured to satisfy the specified requirement. Pinally, the

speaker base was specified, speakers interviewed, selected, and recorded.

2.1.2 Sentence Design

The sentence design task was carried ovt in three phases: initial
avcnt selection, vocabulary design, and sentence construction.

2.1,2.1 Selection of candidate phonetis event set.

A basic lh-phonetic-event set was selected on which to base analysis.

These initial events were candidates from which the final event set was

selected. Considerations on whiéh this candidate event set was based are
listed below:

Vowels selected for labelling are stressed, non-nasalized,
and preferably internal %o a syllable. An exception is the
schwa, which is also being analyzed.

Fricatives will not be selected for eventual evaluation
becuuse it is probable they show less inter- speaker vari-

ability due to a lack of definite formant structure.

o Some vovels on the vowel chart are not to be considered for
analysis due to their extreme proximity to other vowels and
the expected difficulty of an operator in distinguishing
the members of a pair. Two vowels in this category are =
(at) and o (not). '

¢ Diphthongs will not be considered for speaker comparison due

to thelr formant variation resulting from two target regicns.

The 14 selected phonetic events for Data Base I are given in
Table 2.1.

2.1..2.2 Selection of Phonetic Contexts

In order to consider the effecits of coarticulation on the candidate
phonetic events, a set of contexts were specified. Context is defined here
in a first-order sense, i.e., the affects of the phonetic event immediately
preceding and immediately succeeding the central candidate phonetic event.
This triplet of phonetic events is defined as a triad, event though only the
central, candidate, event is isolated for analysis. Notations of the two

adjacent context events is carried in the labeling, however.

Context is based on the hub (Potter, et al, 1947) position, i.e.,
the position of the second formant. For the vowel events, three types of
context were chosen and are high-vowel-high, middle-vowel-middle, and low-
vowel-~low hub‘positions of surrounding non-nasal consonants. The context
consonant classes include stops and fricatives. The nasals exhibit little
formant variation across adjacent events; therefore, they are not embed@edb

in triads and were not used in coarticulation analysis as were the vowels.
The selected consonant hub positions are given in Table 2.2.
2.1.2.3 Derivation of Vocabulary

Designing the vocabulary for Data Base I was carried out by first
specifying all possible triads for each candidate phonetic event and then
selecting vocabulary members which have these triads in normally stressed

positions.
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_ Table 2.1
Candidate Phoneme Event Seb -for SASIS

Event Example

. eve

mst.
ask

‘father -

> Q 9) 15! e B

-
1

" bird
all
put

b | hogt
no

sing

v S 3 3 g < oo

the (schwa)

o

2.4

Consonant Events Used in Vowel. Context

Hub Position

High

middie

low

«

Table 2.2

k

Stops
- to

ey

Key

g0

ey
be

2,5

Fricatives

J
3

ox

she

azure

for

very



’

A triad chart was constructed for each vowel. An example for the
vowel [/i/ is given in Figure 2.1. The vocabulary derived from this chart
is given in Table 2.3. The vocabulary for the remaining phonetic events is
given in Appendix 24,

Additional considerations employed in designing the vocabulary
are given below. '

¢ Although it is preferable to employ words that would be
expected in a criminal situation; e.g., bomb, gun,
insurance, police, money, the use of such entries would
only be at tﬁe expense of degired vocalic tokens, given
a fixed number of sentences.

* Words sclected were relatively common and easily readable
by poorly educated individuals.,

¢ Analysis on the schwa was concentrated on the woealic
event in "the."

« Words containing /m/, /n/, and /r/ nasals were introduced
at sentence design time, to link vowel vocabulary members,
since context was not imposed in this class of phonetic
events.

{
2.1.2.4 Design of Sentence Set

The sentence set (Table 2.4) was constructed from the vocabulary.
The first sentence is a dummy used to sense the speaker's audic level and

absorb speaker start-up effects. The remaining 20 sentences are the accepted
data.

[y

 During the design of the sentence set, the following three con-
siderations were observed:

e It is desirable to use syllabic frequencies strongly compatible
with those of GAE; however, this would be at the expense of
desired vocalic tokens.

1

2.6

Teach

Teed (golf)
Deed

Cheat

Cease
Ceaseless
Seize
Seizure
These

Thesis .

Peep

People

Bee?f

 Table 2.3
Word List from Vowel /i/

Detach _ Sheet
Dgtail Petite
;Detain

‘Detect

Deteriorate

Determine

Detest

Detract

Keith Seesaw
Keys Cecil
Donkeys
" Monkeys
Geeée
Seek

Fesble

0.7

High-Vowel-High

Middle~Vowal-Middle

Low-Vowel-Low



»

Q-

WQO\C(i_

Vouwtel

@

STOP- FRiC [ FRic - STOP

- FRIC

X Y ~
f ) i
N : <
e TG - 4 U")--\( o A XY o Q"‘.'.D. e D
I N O O k¥ o NN S
€ A1 A O N G N G o> W >
e e T U i mc‘]mcj A o0 D
P onN dH N
¢ — P e ;- —— T ™ -._
NN n NN NN
memm | dhuN ghaw G >4 >
s M M P09 MHhhn &4 & > >
T v X ¥ ) 0.9 Q-0
‘*ﬁ'{—.\o ~ ~ TN ’ —_ e
Y NV ghyo) a. 0.0 -9

2.8

FRriC

STOoP~ SToP

Fipure 2.1

ENYVIROSMENTS

1.

1k,

15.

16.

17.
18.
19.
20.

" TABLE 2-b
Sentence Set 1

-~

[

I+ should be pointed out that linear prediction has had extensive
application in. other fields.

Keith Dudley taught his daughter Susan ﬁg cook a fabulous pudding dish.
The thug ransacked the shed with ceaseless determination to do demage.

Above all, the judge was baffled by the dirty revolver which shot the
guest.

Thus, the excessively shcddy book caused the tutor's enthusiasm to
deteriorate. ) L , C

" Did Bev's giggling sister kick the sassy dude?

Few people guessed that Vivian's daughtcf performed this involved
process. '

Dad dashed from the shed to kick the puppy chewing his new shirt.

These people shuddered in dismust when Cdgney‘made a caustic and

uncouth rebuff. .

The teacher should have popped the beef dish inte the sizzling oven.

Is it the duty of the'packers to perform each detail?

" Ted's shirt, together with his socks, were ruined by the booby trap.

Fifty talkers babbled casually as the cooks jittered -dirty dishes on
the buffet. ’
Bob determined thai people in Dunkirk caught puppiés in sacks as a gog.

Susan's enthusiasm should not cause backers of Ted to persist in their
attitude.

Because the cost involves steadily performing the process, Tod should
not dash intc debt,

‘Beverly was baffled by the pauper who'fibbed about his populous family.
Tod's feet should be hurting because he has a pebble in his sock.

The singing officers asked for a third song.

Did Dutch's daughter chat with the gOggle—ayeé circus clown?

The third scuce stimulated their peptic ulcers and caused them to burp.

2.9
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¢ Long sentences are preferable in order to provide enough tokens

for each context and to minimize end effects.

*. No constratins are to be made on the types of sentences used

(e.g., declarative, interrogative, imperative).

During sentence construction a major effort was direccted at ‘
distributing the triads evenly throughout the data. As is illustrated in !
Table 2.5, a good distribution was achieved in all but a few cases, where
the number representative vocabulary members was very limited.

2.1.3 Data Base I Recording
2.1.3

.1 Purpose
Data Base I had as its function to provide a basis on which initial

* *

system algorithm development could be carried out. This data base consists
of 25 GAE speakers saying the 21 sentences of Section 2.1.2 on two separate

i
» . ‘i l
occasions. FKach recording occasion is referred to as a recording session. ﬂ

Speech was simultaneously recorded from a dynamic microphone
arrangement and a conventional desk style telephone. All recording was
carried oul under the direct control and the monitcring of the recording
supervisor, the senior laboratory technician.

!
2.1.3.2 Recording Setup ﬁ
E

A diagram of the recording set up is given in Figure 2.2.
2.1.3.2.1 Soundbooth Configuration

Sentence recdrding from the speakers was cerried out in a semi-
anechoic chamber situated in a sound treated laboratory room. The
chamber was manufactured by General Acoustics Corporation and measures
56" x 48" x 105." The estimated attenuation of this soundbooth is given %

in Table 2.6. |

Included in the'soundbooth are a console with full remote control
for two tape recorders, two microphones, a telephone instrument, a mixer,

2-12

Table 2.6 Estimated Attenuation of Sound Booth

63 123 230 500 1000 2000 LOOO 8300

Frequency (Hz)
Attenuation (aB) 28 46 56 63 75 8 89 80

two speakers and a chair.

The ‘two microphones are Shure Model 365 unidirectional dynamie
microphones with reasonably flat (&8 dB) response from 30 te 13000 Hz,
These mikes are positioned approximetely 12 inches froy the spesker's lips
and 20 degrees cither side of the speckers normal. face pocition. This 4O
degree angular separation between microphones enabled sueressful recording
of untrained speakers with minimal incidence of burst noise. The two
microphones are blended into one high fidelity chamnel with & Shure MOY
mixer.

The telephone instrument in the sound booth is placed on the
console in front of the gpeaker. The instrument line is terminated outside
of the booth with a Thevenin equivalent to the telephone line (see Section
2.1.3.2.3).

One of the two speakers in the sound booth is used for playing
prerecorded instructions, directing the specker in his recording., This
speaker is driven by a Sony TC 565 tope recorder, controlled by the
recording supervisor. The other speaker is an intercom, permitting the
recording supervisor to communicate with the specker during recording.

2,1.3.2.2 ,

The two audio channels, the terminated telephone inctrument, ond
‘ ;
the mixed dynamic microphone channel, were recorded on an Ampex AG Li0 tape
recorder. This recorder is fully uprraded .to AGH4O B specifications and

includes Dolby Type A companding and servo capstan. The two channels were

2.13




recorded simultoneously on " x 12007 Ampex type 406 high-density audio

recordins tope. Recording wus carried out at 7% ips in half-irack mede
using NAB equalication. The overall specifications of the recording
system are given in Table 2.7.

Input signals to the recorders from the sound booth are'con~
trolled at the supervisor's position adjacent to the recorders by decade
atbtenuators. The recordin:; levels were conlrolled by observing recorder
VU meters ond correching the range for peaks at approximatély OVU. The
supervisor monitored both channels with headphones, selecting either
channel with o switch Jjunection box.

able 2.7 Specification of Ampex ACHLUO Recording System

3 1

Speed (ips) 35 Tz LY 30
Flutter () 0.1 0.08 0.06 0.05
s/N (aB) 6l 68 68 68

Frequency 50-7.5K LO-10K 30-18K

response =2 dB

Specd 0.08 0.08 0,08 0.08
Accuracy ()

2.1.3.2.3 Carbon Microphone Analysis

In order to assure that the telephone instrument employed to . :
record speech data was typical, an experiment was conducted to evaluate
telephone instrument carbon microphone elements and to select an element
for SASIN analysis dabo acquisition. | .

L]

The experiment conducted involved measuring the frequency response
of five carbon microphone elements mounted in o standard telephone hand set.
The measurements were made in a semi anecholice chamber in which an audio out-
put transducer (high~quality speaker comylex) was positioned 18 inches from
the suspended telephone handset. A reference microphone was positioned equi-
distant from the audio source and % inch from the handset.

A set of five microphons elements were celected at random from
telephone instruments in the laboratory vicinity. These elements have bheen
instialled at various times over the past 10 years. No element had been
obviously physically abused.

The telephone instrument under test wae diceonnected frem the
telephone circuit and was biased according to Fisure 2.2a This bias cireunit
is a Thevenin equivalent to the telephone circult.

The audio meagsurnents were conducted cecording o the instrunenta-

tion of Pigure 2.3b,

The frequency respcnse of the carbon mierophone was measured ab
nine frequencies, and the approximote cutoff freguency of each carbon micro-
phone was measured. The amplitude of each single-~frequency tone was adjusted
for O dB. The reference of O dB was established as nominal speech cutput From
the instrument when the handset is held in & normal manner and a normal voice
level is used.

The zudio level at the carbon microphone was meacsured via the
reference microphone (SHURE 365 SD). The audio level was corrected ueing
the measured response curve of the SHURE issued by the manufecturer.

Table 2.7 gives the results of these measurements, The frequency
response of the five microphone samples appears to be reosonably uniform
across the 9 ‘requency samples. Microphone A was selected for SARIS onalysis
avdieo recordings.
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2.1.3.3 Recording Procedure '
2.1.3.3.) Organization of Speaker Base

A set of 30 male adult speakers were selected from within the
Advanced Technology Department to participate in Data Base I recording.
These speakers were known, and their voices were familiar to the investi-
gators organizing the speaker base. These speakers were selected on the
basis of GAE dialect as broadly d¢ Tined, and absence of obvious speech
impediments. A surplus of 5 speakers were initially recorded in order
that those whose performance was not considered satisfactory or who
encountered a scheduling problem would not be recorded for the second

session. The final Data Base I included two complete sessions of 25 of

these speakers.

Fach of the speakers was contacted first by a letter of expla-
nation and then by telephone. He was scheduled for Lwo appointments,

gseparated by approximately two weeks. When arriving for the first record-

. ing session, each speeker was asked to fill out a questionnaire in which

name, height, weight, age, and childhood residence were specified. An

example of the questionnaire is given in Figure 2.4.

2.1.3.3.2 Speaker Recording Material

-Speakers were scheduled to arrive on 20-minute intervals. Upon

arrival, the speaker was given a brief explanation of the recording procedure

and the purpose of his recording by the recording supervisor. He was then
seated in the sound booth, shown the telephone and microphones, and the door
was closed,

The recording supervisor then played to the individual in the
sound booth a prerecorded directive tape, in which the purpose of and an
explanation of the recording probess was given. The text of this recorded
message is given in Figure 2.5{
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| T e ' Speaker C?‘

1

' ) S e Section jﬂz
* Figure 2.4 Example Questionnaire _

t
+

' SFEAXER DATA SHEET

Please £ill out down 1o the dasted line. This data is used in characterizing
your voice. :

i
{

Name . S }q' . wL((\'\é.‘ | . Height 5'e

Dept/Group GOV ey Weight Do

Extension 277 Age (Please Check One)

Location M1 40 Cif, - 73/‘;54 | Below 25 25 - 3k
735 - b 7] Over Lk

‘ During aites 3 to 12 in what state did you reside more? T llin-vd
LA City or Rural? (Please Check One)
: .
Recording Date . Remarks

/

[}

2N

v‘\‘
@

7¢-3.23 |SASIS 74
/62298 | 5 asts 1A ‘ to :
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Figure 2.5 Text of Data Base I Briefing Message

[

BRIEFING TEXT

Thank you for participating in the speech recording project.
The purpose of this project is to record sentences from a
large number of speakers and to analyze these spoken sentences
in a computer. Various types of analyses will taeke place, and
the end goal will be to develop a system for determining an

individual's identity by analyzing his voice.

You will be asked to state your name and department number

and then to speak 21 sentences. The sentences you are to

“speak are designed to provide a special set of sound combin-

ations and are not necessarily meaningful. I will start with
sentence number one on the list and will speak it twice. I
will then pause for & bLrief period, during which you are to
speak that same sentence. We will then repeat this process
for sentence numbers 2, 3, and so forth until all 21 sentences

on the list are spoken.

Please speak in a clear voice and try to say each sentence
smoothly, as you might in a conversation. If you make a
mistake, or mispronounce a word, pause for about a second

and start that sentence from the beginning, all over again.

I will repeat: if you make a mistake, or mispronounce a word,
pause for abovt a second and start that sentence from the

beginning, all over again.

If for some reason you wish to temporarily stop this session,
Just press the button marked STOP. . This button is located on
the panel in front of you and slightly right of center. The

operator will then assist you.
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The telephone, as well as the two microphones, will be used
to record your voice. Please pick up the telephone and hold
it as you normally do when you talk on the telephone. (Pause)

How position yourself comfortably in front of the two micro-
phones and avoid speaking directly into either of the two
microphones.

We will now ask you to say your name and department number;
please state your name and department number following the
tone. '

(Tone)

(Pause 10 seconds.)

We will now speak the sentences. Remember to wait for me to
say each sentence twice and walt for the tone before you say

that sentence.

(Sentence, Sentence, Tone)
(Pause 10 seconds)

(Repeat for 21 sentences)

2.21
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Following this explanation, the same recording requested name and
department data, and then requested that the sentences be spoken. For con-
venience, a copy of tHe sentence list was placed in the front of the spezker,
and eéch séntence was sald twice to him, from the recording, befvre he was
to say that sentence. Each response from the speaker was preceded by a short
tone.

]
H

2.1.3.3.3 Analysis of Recorded Material

Recording Data Base I resulted in a big set of high-quality voice
recordings of 25 speakers. The interactive recording procedure proved to
be very successful in providing a natural response from the speakers. Mig-

pronunciations were minimal.
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2.2 DATA BASE IT ACQUISITION
2.2.1 Procedure and Purpose

Data Pase II has as its purpose to provide a basis on which feature
extraction, distance measure, and similarily measure tasks can be optimized,
as well as a basis on which an overall evaulation of the SASIS can be

carricd out.

This daba base congists of recordings from 232 speakers from three
dialect groups. This data base is the result of a sequence of tasks., The
firet tack ic that of evaluating Data Base I for a coarticulative effect
and definins the set of useful phonetic events as well as contexts for each

selected event.

The next tasks are similar to those of Data Base I acquistion.
They include desipning a set of 10 sentences satisfying the design criteria
and carrying out the actual recording tasks,

2,2.2 Sentence Design

Sentence design for Data Base II was more constrained than that
for Data Base I, since the mean education level. of speakers dropped signifi-
coantly on the second data base. Semantic validity and vocabulary familiarity

werc o primary requirement placed upon this sentence set.

2,2,2,.1 Selection of Phonetic Event Set

The phonetic event set selection was based directly on the results
of the coarticulation study, Section 4.0. The final set is the llh-event
set (Tuble R.1) used in Data Rase I, since no rationale was developed at
that time to reduce the number of events. Though data was recorded and
lebeled for all these 14 events, a procedure was subsequently developed to
eliminate the schwa, /o/, and to merge certain pairs of events such that a

conlesced set of 10 phonetic caltegories resulted. This overall reduction in

et

number of categories permitted significant simplification in the system evalu-
ation task.

2.2.3.2 Selection of Phonetic Contexts

The phonetic hub contexts for Data Base II were finalized by the
This table
In the case of /i/, /m/,
/n/, end /y/. the hub position on either side was found to have little co-
articulative effect. For /I/ and /U/, hub position was found to have signifi-

coarticulation study (Section 4.0) and are defined in Table 2.8.

reflects a sizable consolidation in some contexts.

cant influence, and the original Data Base I specification was preserved.
The remaining events, except for /s/, were found to be similarly influenced

by high and middle hubs, which are grouped together, separate from low hubs.

TABLE 2.9

Context Specifications for Phonetic Events

/i/: /w/, [o/, and /IJ/

high, med, or lor/evcnt/hlgh, med, or
low

high/event/high
med/event/med
low/event/Low

/1/ end [u/
high, med, or low/event/high, med or

low mixed
el a5 faf,

/O/: /u/: /A//::

and /z/

high or med/event/high or med

low/event/lw (mixed)

high, med, or low/event/hiph, med, or
low

fo/

the word "the" followed by any event.
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The second data base also employs a mixed context across the
center event. This vairiability permits nonsimilar hub influences at the
beginning and end of triads, a condition far more representative of real

world data than similar hubs on either side of the center event in a triad.

[

A further contextual influence was introduced into the sentence

set and conslots of labeled triads which have nasal and/or glide environments.

Three tokens of these are employed in the Data Buse II sentence set.

2.£.2,3 Derivation cof Vocabulary

The vocabulary derivation procedure for Data Base II was identicsl
to that of Dato Base I, Triad charts were constructed using the phonetic

event and context specifications, and words were formed from the triads.,

In addition to the consideration specified for Data Base I the
three followving conciderations were incerporatcd in vocgbulary design.
e

The /n/ and /n/ nasals should be at leading position in words
for stress.

Words selected are to be relatively common and easily readable
by poorly educated individuals.

The vocabulary should incorporate forensicly applicable words.

2.202‘u
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Sentence design for this data base followed the same rationale and
procedure thut was employed with Data Base I. The resultant set of 11

sentences are given in Table 2.9. Again the first sentence is a dummy, used
for speaker and recording conditioning. '

A tebulation of phenetic frequencies designed into the sentence set
s given in Table 2,10, | ' '
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TABLE 2.9 '

¢ Data Base 2 Sentence Set

;

The State of Californie does not have the growth rate that it did
in the 60's. ) .

When Beverly cooks her good vegetable soup, she puts in a teaspoon

. of butter and a pinch of pepper.

Bob Dudley shipped the circuits to Boston on Thursday.

. The people on the Long Beach dock signalled the first ship that

passed through the fog bank. . :

The cops suspected that the judge's sister was peddling narcotics.
Dad is using a shovel‘to move the excess dirt from the curb.

A fifteen-mile section of the north causeway is in poor conditicn.

The shop boss was more than satisfied with the fabricated baffle.

The students climbed the path above the cabin and were pocped.

Todd should be putting food in his dog's dish.

Paupers‘and those near poverty substitute hamburger for better
cuts of beef. ' . .




TABLE 2.11

Phonetic ond Context Otatistics for Data Rase IT Sentence Set ‘
Lvent Hub Context No. Tokens for Total No. Tokens 2.2.3 Recording Setup
Pogition 2Rt A
Fogition Contiext for Bvent _ The recording setup including sound booth, superviscr's control
Ji/ Hixed _ L L center, and reccrders was identical to that used in Data Base II and is
/T/ Hirh 7 described in Section 2.1.3.2.
‘ Middle 2
Low 1 2.2.4 Recording Procedure
Mixed 2
Je/ High or Middle 5 6 2.2.4.1 Speaker Base Organization
low 2
_ mi;ed 2 The scope of Data Base II includes three dialect categories,
/a/ High or Middle ) 6 GAE, Black Urban, and Chicano. These categories are broadly defined.
ﬁ?w i g A discussion of the linguistic characteristics of the dialect groups will
fixe
be given in Section 3.2.3, under sound discrimination.
A}/ High or Middle 3 7
Low 2 The original size goalsof the data base were
Mixed 2
) 175 Male GAE
Jo/ Heh or Middle 2 5 25 Male Black Urban, and
Lowr 1 ‘ P5 Male Chicano.
Mixed 2 . . )
Because of factors to be discussed, the final spesker dialect populaticn
fv/ Hish 1 4 (- .
Middle 1 resulted in )
L?w 0 193 Male GAE
Mixod P 2 18 Male Black Urban, and
Ju/ Migh or Middle 1 L 2l Male Chicano speakers.
Lo
Mizea ; Due to the large size of the speaker populetion, speaker selecbion
/A/ High or Middle 2 & and initial contract was carried out through the Personnel Development
Low 2 Department at Rockwell. Speaker sets for Data Base I and Data Base II wore
Mixed 2 disjoint. A set of criteria was established on which speaker candidate
Ag? Mixed 3 3 selection was based. These criteria iaclude:
/m/ Mixed 3 3
/n/ Mixed 3 3 + Male GAE ~ graduation from high school in Southern California
/Q/ Mixed 3 3 and no obvious regional dialect,

* Male Black Urban - obvious dialect, and

+ Male Chicano - Spanish surname and obvious dialect.
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BRIEFING TEXT FOR DATA‘EASE It

Thank :you for participating in the speech recording project.
The purpose of this project is to record sentences from a large
nurber of speakers and to analyze these spoken sentences in a
computer. Various types of analyses will take place, and the
end goal will be to develop a system for comparing tvo voices
to determine if they come from the sanme person.‘

You will be asked to state your speaker number and then to
speak 1l sentences. The sentences you are to speak are desioned
vo provide a special set of sound combinations and don't necessope
ily mzke sense. I will start with sentence mumber one on the list
and will speak it twice, I will then pause for o brief period,
during which you are to speak that same sentence one time. We
will then repeat this process for sentences number 2 and number

3, end so forth, until all 11 sentences on the list are spoken.,

Please speak in a clear voice and try to say each sentence
smoothly, as you might in a conversation. If you make a mistake
or mispronounce a word, pause and start that sentence frem the
beginning all over again. At this time, please pick up the
telephone and hold it normally with the telephone mouthpiece in
front of your mouth and not under your chin.

¢
The two microphones, as well as the telephone, will be used

to record your voice, Docition yourself comfortably in frout of
the two miecrophones and avoid speaking directly into either of

these two microphones.

»

Before we ro any further, if you have any questionc, acgk
them at this time.
(Pause 10 seconds)




We will:now ask you to say ycur speaker numberg pleasge
state your spesker number following the tone.

i
1 ‘

(Pause 7 seconds)

e will now speak the sentences. Remenber to wait for
me to say each sentence twice. After I say the sentence
twice, walt for the tone, then say the sentence'once.

+
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The dialect accuracy for the GAE speakers is satisfactory,with only
a few tokens of deviations. For the Black Urban and Chicano, however, the
accuracy is not as great. It is estimated that approximately one-third of
these dialect groups show significant trend away from the classifications.
These deviations are highly correlated with level of education and job °
position.
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2.3 DATA BACE IIT ACQUISITICN
2.3.1 Purpose and Procedure

Date Base ITT consists of 51 GAF speakers recorded over the
teloephone sycstem, calling inte the Speech Laboratory from their office
or loboratory locations. The 51 speakers were selected from the 193 GAR
mele spenliers of Dobta Base IT. This data base has as its purpose
providing o cet of near real-world data set for testing the prototype
pysten.

2.3.2 Dentence Material

The sentenne set used in this data base is the some as in Data
Base IT, Table 2.9.

2.3.3 Recordine Setup

The recording setup consisted of using the same Ampex AGLLO
recording system deccoribed in Section 2.1.3.2.2 and a Bell System 100L
Data Couplor interfucing the telephone lines to the recorder. Levels
were controled using on amplifier and decade attenuator between the data
coupler and the recorder.

Recording was carried out using % ips along with Dolby comﬁand-
ing. . Only one half-track channel was empleoyed, since no source of wide
bandwidth speech was available in this configuration. Ampex type 406 tape
was apoeln used.

2.3.h Recording Procedure

A total of 51 speoliers were recorded for this data base. The
.openkers had syoken the same sentences on two previous occasions in the
gound beoth and were familior with the sentence material. For this reason
and to wvoid some technical problems, no prerecorded briefing message was
pleyed to the speukers; rather, the selected speakers read the sentences
from a typed card.

Each speaker was contacted in his office or laborétory location
and asked to participate. Upon agreeing, his telephone instrument was used
to call the Speech Labératory. As soon as the telephone was enswered in
the Speech Laboratory, the data coupler was switched in and recording
commenced. The techniciaﬁ accompanying the selected spesker announced the
speaker's number and turned the telephone over to the speaker. The speaker
had been instructed to speak normally and to pause about 5 seconds between

each sentence. Recording was thus carried out for all eleven sentences.

2.3.5 Analysis of Recorded Material

The overall quality of Data Base IIT was noticeably inferior to
that of either of the two other data bases. Some difficulty was encountered
in obtaining natural utterances; rather, more artificial stress, intonation,

and pronunciation patterns were developed while reading the sentence list.

The variety of background noises and acoustic effects is diverse,
and this aspect of the data base makes it very useful for studying these
effects.
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2.4 UDE AND PARTIVICNING OF DATA RASE

2.4.1 Funetional Orzanization

Data Base I has been used for 1) preliminary exemination of the
data, 2) intuition troining, and 3) determination of the distance and
gimllarity structures to be pursued on Data Base II. for this

the data was available when those tasks were

The reason
use 1o primarvily pregmoatice:
in progress.

Data Base IT has been used for optimization (training) and evalu-
ation of the SASIS. It's partitioning is discussed below.

Data Boge IIT has been used to examine the degree to which the
results of the evaluation on the General American English (GAE) found in
Dnte Base IT are generalizable to other dialects.

In all cases the analysis is based on the assumption that "the
patterns used to test the machines are a reasonable sampling from the real
Iife world of potterns and are not biased toward either well-formed or poorly-
formed (noisy) pattern&'(ﬂig@lgyman, 1962). |

2.h.2 Partitioning of Data Base IT into Design and Test Phases

The basic question to be considered is:

If the total sample size is fixed, what is the optimum
partitioning of this sample tetween the design and test
phases?

The followirg formulation of this question was originally developed
by IHghleymon (1962) and is known as the H-method.

‘We desire to study a particular method. The optimum machine based
on this method will have an error rate, e. Any actual machine based on the

method will have an errer rate, e = § Suppose we train the actual machine
using part of the sample, test with rest of the sample, and generate an
estinate o e, €. Clenrly, @ is a biased estimate of e, and we may remove

this bins to penerate 60, an unitvased estimate of e -
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The leads to the following reasonably heuristic definition:

an optimum partitioning of the total sample is that

partitioning which minimizes the variance of %O.

If the number of samples available is large enough to justify a
truncated Taylor series expansion of e about its minimum e, then an

analytical solution is possible, with cerftain mild restrictions.

Let e = E(él, 62’ e ey Gc) ! :’

where there are c parameters of the machine with optimum values 6oi’ and
estimated values 6, . '

Then ' c c 32
L % % e - -
em egtE il ga meel. (Bi7801) (85785)
19938,
end e c 526 )
- 1 0 - -

if E(61)=86i (the parameter estimates are unbiased)

then . e -
E(e) = e t+z izl ;Zl 85 04 5
where é2e
R ST T .
)
Uij = covar. of the éstimates for 501’ 505 | \

If (a) m semples are used to estiMate;each parameter
(b) these estimates are independent (this can be assured by using
different sample for each. or by assuring a structure such that
the estimates are independent)
then

. - 2 1
Gij = 0, i4j and Gi ~
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Data Pose IT hod been partitioned into 1) 75 rondem speakers for

»

trafnine o deelra, O) the romeining 118 spenkers for evaluation or testing

paving on n@fi ror the H-pethod of .. This partiticning was selected for

the following reasons:

1) The g

ata manipulation routines structured for the 25 spealkers
of Data Base I were easily modified to h

andle multipl
25 speakers, ples of

The partitioning qualitat

ively meets the criteria of
H-method . e
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3.1.% Sentence Digitizing and Editing :

Digitizing and editing the recorded audio sentences is the’
process in which the data base sentences are converted to digital fornm,
and all extraneous audio and silences are edited out. The product of
this procedure is a binary digital magnetic tape with appropriate label
and sample records for each sentence. The formant of the digitized

sentence tape is glven in Table 3.1.

3.1.1.1  Computer Confipuration

The digitizing and editing procedure involves the hardware
configuration shown in Figure 3.1. This confipguration involves a
digitizing section, a playbock and editing section, and a recording
section.

The digitizing section receives prerecorded audio from the
Ampex audin recorder. The telephone channel audio is emvloyed in all
SASIS processing and is passed through a lowpass filter and a C-2
telephone channel simulator. The lowpass filter characteristics are
given in Table 3.2 and those of the channel simulator in Appendix 3A.
The audio signal level is adjusted via a variable gain amplifier made
up of a 20 dB amplifier and a decade atltenuator. Signal levels are

‘monitored on an oscilloscope in order that the analeog-to-dipital (ABC)

converter range (5.0 volts) is not exceeded. One channel of stereo
headphones is also driven by this signal to permit the operator to

monitor.

The audio signal is sampled through‘multiplexer (MUX) channel O
and the ADC. The software controlling these functiong has the copability
to sample two channels, MUX channel O and 1, cimultaneously, but this
feature was not employed in the current SASIS program. The SEL 8600 CFU
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Here, as in all subsequent date entry points, on error correction option §

available to the operator for mistakes in entry parameters,

Next, the software requests the default p pameters of data,
specker number, dialect, groxmaticel source, and uttercnce (Besmion 1 or 0).
These fixed poremeters are ploced in the digitized centence lobel until
they are modified.

The program is then recdy for o cample commend. This point in
the software is the return pogition with the copmund, the ADC bLering to
sample until 60000 semples are cequired at a 6.8 ki rate. Tho dnto is
double buffered in core and then output to the burfer tape. TFor inter-

mediate storoge the sample command is issued prior to the sentence occurrence,

and sampling continues 8.8 seconds, so as to inelude the sentence utterance,

Next an amplitude contour is displayed on the CRT
showing the broad band energy in the digitised record. This coutour is
compubed every 128 samples (18.8 msec) sccording o tho capiession
1+127 ,
A() = 10 1 -k s (3 )‘2 ; 1. 10k, o5y
€ - J -oglo 158‘ k)‘f SUK 1 . 8 £ I", (.5){” I
=4,

4

The cursor then gppears superimposed on the amplitude contour.
The operator speeifies, via keybourd entry, whether the cursor is to

speeify the stort or end boundary of the seoment o be isclated.
!

Once caticfied with the cursor-defined beundaries, the operator
issuec the sentence number. The selected ﬂ,xmﬁnt of audio on the butfer
tape is transferred alone with Inble informction Lo the output tone,
Typicﬁlly, 200 sentences are stored on o 2400' cubput tape belfore copaciby

is reached.
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¥ . The Hanning window function for the FFT transform is computed

L . "A’. ct “ .
3.1.2 Display Digital Spectrogram as follows:

The next opegrator processing step, following sentence digitizing

and etiting, is interactive phonetic event labeling. This labeling requires - : ' : .

thet a digital speetracram be displayed on the CRT from which phonetic ' | W(i) = 0.5 <l~0'* cos 27 (i “;5)) , where

events are sclected. An automutic processing step is inserted between the L ' ‘ X .

two interactive proprams to provide the spectral inputs to the labeling . i = 1,'°", x

progrom from the digitized sentences. e spectral data from this process- | ‘ L '

. . . . . X = length of epoch (1.28)

ing step are used only for the display and are not employed in the feature ; S . N

extraction or any subsequent SASIS processing. . = X o :  Bach specﬁral“sample from the FFI is squared, producing a

power spectral array, Pk, and is channelized. Fach channel is then

‘lbgged,fpre-émphasized, and expresse? in % dB units.

3.1.2.1 Amplitude Normalization The channelized spectral measurement is computed as

In the analysis processing ampiitude normelization is carried out : - TND.
: i
> B - 80 + 4 preemphasis
\ . ‘ k=START,
that the average magnitude of the stressed portion of the sentence has a ' ‘l’ ‘ . 1

on the sentence base. The time-domain sentence array is normalized such 3. =081

e ’

reference value of 6000. This process is carried out using a combination . . - . L.
The start and end boundaries along with pre-emphasis coefficients

of peak and mean-value amplitude normalization and is defined as follows: ) . )
are given in Table 3.3.

MAX = Maximum magnitude of signal over sentence . . . .
. An amplitude contour is computed for each epoch and is stored in

-A = Averapge value of samples ¢hoée alue exceeds
& ' PLES va-Lae excee citannel 32, in % dB units of the output array, as

| MAX/l, i.e., non-silence speech ‘ .
K = Scale factor = 6000/A

’ ‘ X
S! =K, t=1,a2, ..., # samples 1 o
t t J ? )y _ L -
‘ A = 40, login | § 2o St 140
3.1.2.2  Specbral Analysis ‘ i=

The digital spectral analysis is carried out using a Hamning
window on a 128-point (18.3 msec) discrete finite Fourier transform (via
¥FE). A new transform is started every 64 time samples (9.4 msec), pro-

viding o 50 percent uverlap between successive epochs.

]
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Teble 3.3 ' : : ‘

BOUNDARY SPECIFICATICNS FOR SASIS DISPLAY SPECTROGRAM o o |

Channel Bourdarics Freouencies (3dB) 3.1.3 Interactive Phonetic Event Labeling Procedure
Channel Start ad Start Ind Preemphasis
Tm— — S T The purpose of the phonetic labeling process is to extract from

1 ' 6 10 300Kz >00Hz 8 a8 the digitized sentences a set of three-pitch-period waveforms representing

2 8 la koo 600 3 tokens of phonetic evernts spoken by different speakers. This process is

3 10 1h 500 TOO 3 carried out in two bhasés, the macro-phase and the micro-phase, using the

b 12 16 600 800 6 . interactive graphics capability of the SEL 8600 computer system. The macro-

p b . 700 920 T phase has as its function the labeling of phonetic events in the sentence

6 16 20 800 1000 8 based primarily on a spectrographic display. The microphase displays 75

T 18 e2 900 1100 | 10 msec surrounding each labeled event in the time domain for manual pitch-

8 20 2k . 1000 1200 1L syricronous three-pitch-period segmentation of that phonetic event.

9 2o 26 | . 1100 1300 1 ' |
10 e 28 1200 1400 13
11 26 30 1300 1500 14
12 28 32 ' 1400 1.600 15 3.1.3.1 Computer Configuration
I3 ‘ 30 34 - 1500 7700 16 The hardware configuration to carry out interactive phonetic
b . 32 36 1600 1800 17 event labeling is shown in Figure 3.3. All input data is received from
L5 34 38 , 1700 1500 - 18 the spectrally processed inpub data tape generated with the process des-
16 36 ho 1800 2000 19 cribed in the previcus section 3.1.2. This tape contains both the time-
17 38 ‘ ha 1900 2100 20 domain signal and its pectrographic representasvion along with appropriate
18 ko | bl 2000 2200 . + 20 speaker, sentepnce number and other 1a5el data. The oubtput data is passed
19 ha 46 2100 2300 21 to the disk for intermediate storage:until being transferred onto an out-
20 bk 48 2200 2koo 2l put tape in a separate program. This configuration permits assigning only
2L L6 50 o 2300 2500 e one tape unit to the pfogram thus leaving the two remaining units available
22 48 o2 2koo 2600 22 for concurrent programs under the 8600 real time monitor.
23 50 . 54 2500 2700 23
?h 52 56 5600 5800 ol, The inte?active graphics terminal consisting of the CRT, keyboard,
o5 5 58 : : 2700 2900 o7 and cursor control along with a DAC audio playback enables the.operator to
o6 . 56 ' 6o 5800 3000 30 carry out labeling. All communicgtion with the sys?em is carried out through

this interactive graphics terminal, !
o7 58 62 2900 3100 31 '
28 6 6l 3000 3200 33
\ ! .
"t
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Figure 3.3 Hardware Configuration for
Interactive Phonctic Labeling
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3.1.3.2 Macrophase

Following initial program start-up in which the input tape is
verified, the first Phase of labeling is the microphase. This phase on
the CRT enables the operator to identify positions on the sentence
spectrogram as being the center of & desired phonetic event and teo queue

this position information for later segmentation in the microphase.

Figure 3.4 shows the CRT screen as it appears during the macro-
phase. From top to bottom, the screen indicates the options available
to the operator, and is followed below by a record of the individual
instructions issued to the system during this frame. Next down is a
record of the triad BX EH VX, [bev], from the displayed segment "WHRN
BEVERLY €00...", which has been labeled. Sentence label data from the
input tape are next displayed. Next down is the amplitude contour, and
below it is the 122 spectral-time sample (STS), appr-ximately 1200 msec,
spectrogram for this frame. Superimposed on the spectrogram is the cursor

along with the entered triad label and a correlation ranking of the top 5

most likely events according to correlation with reference phonetic events.

The derivation of these reference events will be discussed in section 3.1.L,
The operator has many options in the macrophase and include

* displaying the next frame of the sentence on the
left .or right,

* advancing to the next sentence or same specific
sentence on the input tape,

¢ playing back the audio of the current frame on
the 300-msec s+ 00 msec segment surrounding
the cursor,

°* displaying the top five cérrelations,

* accepting the cursor position and entering a
triad label, and

*  exiting the macrophase and entering the microphase.

3.12
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In labeling, the operator makes use of four information sources
to determine the position and identity of a phonetic event. These are
the spectrograms, audic playback, correlations, and the amplitude contour.
He makes his decision and enters the phonetic event label along with its
two adjacent neighboring events in the form of a triad. This triad label
information, along with the sentence label informetion from the input tape,
is’ carried through to the output file, maintaining traceability through
the- entire SASIS process. '

3,1.3;3 Microphase

The microphase cperates on the gqueue of labeléd phonetic events
from the macrophase and provides the operator with the facility to segment
the time-domain audio waveform.

Figure 3.5 shows the microphase corresponding to BXEHVX labeled

in Pigure 3.4. The operator specifies if the cursor is for the start or

the end of the segment from the T5-msec time display and isolates three-

pitch-periods. He can playback the segment concatenated 10 times., This
gives approximately 300 mser of sustained sound to verify the label after
which he either accepts or rejects the token. If accepted, the token is
formatted along with label data and passed to the output file. Automatic
zero-crossing detection is provided, such that the cursor positioning is

less sensitive.

When the queue of labeled events has been processed by micrcophase,

the system returns control to the macrophase, and labeling continues.

3.1.4 Correlation Reference Inventory

One of the labeling aids at the disposal of the operator during
the macrophase is display of the +top five correlations between the current
STS spectral vector and an inventory of reference spectral vectors. The
spectral vectors being correlated are the 28-channel display vectois which
make vp the macrophase spectrogram. The correlation carried out is defined

as:

' 3011‘['
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vhere S is the spectral vectcer being compared and the ﬁi are the reference

spectral vectors in the correlation inventory.

The correlation inventory was assembled prior to the development
of the interactive labeling software. The procedure employgd made use of
a digital spectrogram in hard-copy form and a2 clustering algorithm. A set
of token STS's for each phonetic event was manually labeled on the spectro-
grams and position information was passed on to the clustering algorithm

for finel inventory generation.

3.1.4.1 Digital Sound Spectrogram

For purposes of analysis and labeling of the referent correlation
inventory, digital sound spectrograms were produced in hard-copy form using
_the graphics capabilities of the Gould 4800 electrostatic printer. An

-example of the sonogram for one utterance is provided in Figure 3.6.

The sonographic Yepresentation employs seven gray levels (including
non-print). Density characters are encoded into an 8x8 grid in such a manner
as to produce an image possessing half-tone characteristics. Spectral sweeps
are generated by a discrete finite Fourier transforms procedure (Section
3.1.2) at 9.4 ms intervals; howaver, the analysis interval is overlapped to a
duration of 18.8 ms. The number uf spectral positions used is 28, covering a
frequency range of 300 to 3200 Hz (pre—emphasized to a maximum of 33 4B at
high frequencies). A time aligned amplitude contour is directly calculated
as a function of the energy at the samples of the time sequence and is dis-
played on the sonogram in 0,25 dB units.

3015
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3.1.4.2  Clustering Procedure

Approximately 1000 tokens for the vowel events, /i/, /1/, [/, [a/,
2l ol Ju/, /o/s /3/s /A/, and Jo/ were labeled from four speakers on

digital spectrograms. The nasals, /m/, /n/, and [/ were not entered into
the inventory since they are easy to identify aurally.

The tokens for each phonetic event were clustered into five groups

and the average of each group was entered into the correlation inventory

The algorithm for grouping a large number of tokens into five clusters is
illustrated in Figure 3.7.
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; cral cavity and opening of a path to the nasal cavity with vocal

3.2 DATA BASE TABELING.

This section deals with the procedural aspect of acquiring
approximatély 35000 labeled phoneti¢ events using the procedures déscribed
in Section 3.1. This section will address digitizing and editing, labeling
and segmenting, and error correcting procsdures. The last subsection gives
g breakdown of the resultant data collecved on a per speaker, per session,

per event and per triad pair basis.
3.2.1 Digitizing and Editing the Data Bases

A total of 5640 sentences were digitized and edited from Data
Bases I and IT. The majority of this processing was carried out by:a
technician, since neither the knowledge of acoustic phonetics nor the speech
process is required. The procedure used by the operator was described in

Section 3.1.1. 8Since the softﬁare occupied most of core in the SEL 8600

. computer system, most sentence digitizing was carried out in non-prime time.

The throughput rate using the interactive procedure was 20-30 sentences per
hour,

'

The audio tapes, éontaining kO to 50 sentences per 1200-foot tape,
were digitized at the rate of 200 digitized sentences per 2400-foot tape.

In total, 29vdigital tapes were used to store the sentences for the two data

~ bases. Throughout the digitizing and editing process a log was maintained

of the speakers, sentences and sequence numbers on each digital tape.

3.2.2 Review of Acoustic Phonetics

©3.2.2.1 Manner and Place of Articulation

Fach of the sounds of English can be éssigned to one of
several categories in accordance with its manner of articulation
(Table3~u)- These subsets are: 1) vowels - vocal cord excitation
with little obstruction of the oral cavity; 2) fricatives - almost
total closure in the oralvcavity; 3) stops - total closure of the

oral cavity with sudden release of pressure; 4) nasals - closure of

3.19
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TABLE 3.4

The set of sounds possessing phonemic significance in IPA §yu@ology.
Those events which would be found only in a narrow transcription are

not included.
" provided.

STOPS

pot
be
to
do
key

R 5 & & o T

go

FRICATIVES

low energy

f for
~ & f v very

@ thin

? then

high energy

s see
4 s Z 200
§ she

‘3 azure

An example of the pronunciation of each phoneme is

ASPIRATE
h he
AFFRICATES
tS§ church
dz Judge
GLIDES
we

let

ron

e B = =

yet

NASALS
n not
m me
N sing
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" ask

father
not
all
obey
fdot
boot
hurt
about
but

7 3.4 (cont

3.21

DIPHTHONGS

er  say
azc I
Redq l"boy
av »But
ov ‘8o
- new

e e e e g s o o

;cord excitation; and S) glides - continual mbvement of afﬁiculatory

- organs with vocal cord excitation. Vowels, nasals, and glides,

exhibit a well defined fOrmantl structure in the power spectrum.
Stops are noted by the total absence of energy at all frequency
regionslexcept perhaps at the fundamental frequency and some multi-
pleg thereof., Unvolced stops, in particular, may have aspiration

energy for 10 to 30 ms following the release of the stop. Fricatives

. are high-frequency sounds (as great as 10 kHz) which may be voiced

or unvoiced. Some formant structure is exhibited by these events

also. .
In addition to the classification of phonetic events by

manner of articulation, it is useful to categorize stops and
fricatives, in particular, by place of articulation, i.e., by point
of constriction of the oral cavity, and the presence of voicing,
i.e., excitation by the vocal cords. Each specified place of articu-
lation is associated with two phonetic events (a cogate pair). One
is voiced and the other is unvoiced (Table3%5).Fop example, /=/and

/z/ are articulated at essentially the same place (lingua-aveolar

Lo .

and in the same manner. They differ only in the presence of

voicing.

The shape of the spectrum.qf a phonetic event is
related primarily to the dimensions‘bf the oral and nasal cavities
and the positions of the articulatory bodies. Spectral rolloff,
about ~ 6 db/octave, is a function of the shape of the glottal pulse
(- 12 db/octave) and the mouth radiation transfer function (+ 6 db/
octave). In general, individuals with long vocal tract32 have low
formant frequencies, and conversely. Therefore, people should have
somewhat dissimilar spectral charagteristics for the same phonetic

articulation. Although a. strong associatlon does exist between a

l?
Formants are local maxima found in the power spectrum of a phonetic event.

Average vocal tract length for the adult male is 17 cm.
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TABLE 3.5

.

Cognate pairs of fricatives and stops

TRICATIVES
Voiced Unvoiced Place of Articulation
f v labio~dental
Y c] lingua-dental
oz S lingua-aveolar
3 § lingua-palatal
STOPS
P bilabial
k- lingua~palatal
d t - lingua-aveolar

3023
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pefsoﬁ's physical characﬁefistids‘ahd'his/her'acoustic productions,
the spectra from two tokens of the same phoneme of the same speaker
can be quite different while similar to that of another speaker.
With reasonably high probability, though, inter-speaker distances
exceed intra~speakef distances when a decision is made upon an
appropriate feature base derived from the spectra. The causes of

intra-speaker variation will be discussed in Section 3.22.3.

‘

3.2.2.2 GASIS Comparison Sounds f h

Comparisons in the SASIS system are madé only from vowels
and nasals. These classes of sounds are used because they provide
good speaker discrimination and are amenable to analysis by linear
predictive encoding techniques. Other sets of phonetic types are
of interest only with regard to their influence on vowels and nasals

when contiguous to them.

The possible vowels used in the SASIS system are indicated in
Table 3.6 erd cn the vowel quadrangle of Fig. 3.9 which represents
the position of the highest point of the tongue. The left side of
the quadrangle refers to the front of the mouth and the right side
corresponds to the back. Similarly, the tep refers to a high
position of the hump of the tongue and the bottom to a low position.
For example, /i/ is articulated with the hump (highest point) of the
tongue well forward and close to the palate. Each of the positions
on the vowel quadrangle represents a steady state articulatory
target position. It should be apparent that there are, in fact, an
infinite number of vowels that can be articulated; however, in the
SASIS systeﬁ it is convenient to categorize all vowels into the
ten of Table 3.6. Diphthongs, which have two target positions,
will not be used for cEmparative pufposes in the SAéISisystem. The
sounds in this category are given in Table 3.k.

) \
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Vowels and nasals used for speaker comparisons in the SASTS system.
Alphaphonetic symbols and examples are also provided.

as, &

>4 £«

=

Ee R T -

*

=B HHH

AW

§ 8B &g

82 H

NG

TABIE 3.6

VOWELS

eve
it

met

at, ask
father, not
all

foot

boot

hurt

but

NASALS

not
me
sing
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High
EE L ~g u UV
.I.x T ¢ U UX
T ER
@
EH € & J AW
Qp
&
2 ) Lo
Front Back
Low

Figure 3.9
Quadrangle indicating the articuiatory

positions of the vowel types employed
in the SASIS comparison.
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Nasals are not ﬁsually »epresented by a chart. The%r production
involves the closure of ﬁhe oral cavity at some point and the opening
of the path through the pharyngeal and nasal cavities. Like vowels,
nasals exhibit a well defined forment structure; however, with the
linear predicitive technique of spectrum analysis used in SASTS, their
true formant structure may we distorted due to the presence of zeros

in the overall transfer function.

‘3.2"2.3 Aéoustic Description

Events of vowel and nasal type typically exhibit three or

four formants (mexima) in the frequency range of O to 3000 Hz.

Generally, the amplitude of formants will decrease with

increasing frequency; however, in the case of telephone speech, as

" may be used in this system, it is possible for the second or third

formant to exceed the first in amplitude due to the shaping effects
of the channel. The frequency range on which the SASTS comparison
ié based is 300 to 3700 Hz. In practice, the telephone channel will
cause very significant attenuation below 500 Hz; therefore, the
fundemental voicing component will be well reduced in wmplitude.

A sufficient fundamental coﬁponent usually exists though for the
delineation of pitch periods. The dynamic range of the spectrum
‘across “requencies (0 to 3400 Hz) is typically 20 to 30 db for

telephone speech.

The power spectrum of a phonetic type for a particular
‘speaker can ﬁary across utterances in accordance with the time
position at which the spectrum is generated and the context in
which the event is located. Vowels spoken in consonantal environments
can exhibit a formant structure somewhat different from that of the
vowel spoken Ey the same speaker‘in isolation. Nasals, however, are
not as heavily influenced by context. Formant transitions into and
out‘of a vowel tend te e prolonged and gradual while those involving
a nasal are quite rapid. The effects of coarticunlation are such’

tha! differences in position of articulation und thus formant

3.27
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structure between two contiguous events tend to be reduced with
vowels exhibiting formant structure closer to that of an adjoining
consonant. Each consonantal cognate pair can be considered to
possess a second formant loci at which'point an energy concentration
can be found. Asja result of the coarticulation process, the second
formant of the vowel will tend to move, in frequency, closer to the
positions of the loci of the adjoining consonants. Thé effects of
context are typically greater on the second formant than on the first;

however, some variation with environment can be found for the first

with the direction of the shift opposite to that of the second formant.

The magnitude of the shift and the trajectory of the formants is
& function of the vowel and its contiguous components. Generally,
front vowels are less influenced by context then are the back vowels.
For example, the /i/ is relatively insensitive to context while Ju/
may exhibit a second formant shift of as much as 350 Hz in environments
with high second formant loci. In the case of a vowel surrounded by
both either high or low loci consonants, the formant target positions,
as they exist for the vowel in isolation, may not be attained. Further-
more, the poini in time at which the spectrum is most similar to the
spectrum of the vowel ﬁttered‘ih isolation may be the point at which
the rate of spectral change is gre;test. Spectral analysis in this
region will therefore result in frequency smearing. Meaﬁ position
information for theifirst three formants of vowels and nasals is
provided in Table 3.Tanisecond formant loci informaticn for stops and
fricatives is given in Table 3.8.80ome examples of the effects 5f con-
text are illustrated in Section 3.2.3. ' |

¢

Syntactic siructure can also'influence the acoustic structure of
a vowel or nasal‘thrpugh prosodic!factors such as:stfess and intonation. .
Usually a low degree of stress is-physically manifested by reduced |
energy levels, lower fundamental frequency, and shortened duration of

an event. Fundamental frquency may fluctuate as a result of varying

3.28




TABLE 3.7

Mean formant positions for event types employed in the SASIS

comparison.

Peterson and Barney (1952) for h-d environments.

VOWEL

i
T
£

e (a)

a (p)

‘ID ’ NASAL

8 B

=3

FL
270
390

530

660
730

Hz

570

hho
300
k9o
640

290
300

350

F2
2290
1990
1840
1720
1090
840
1020
870
1350
.1190

950

1050
1050
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Hz

Vowel frequencies are based on the results of

e

F3

3010 Hz
2550
2h80
2kio
2hlho
2410
2240
2240
1690
2390

1300
1450
1900

7
3

(‘@D

TABLE 3,8

Qualitative second formant locus (hub)
information for stops and fricatives.

¢

STOPS

P,b low
Xsg variable
t,d high

FRICATIVES

£,v low
6,z middle

5,z middle
$:3 high
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intonation contours and consonantal context. Usually, a vowel
embedded in a voiced environment will have greater duratlon, a lower
fundamental frequency and greater energy than the same type spoken
in an unvoiced enviromment.

This rev1ew of acoustic phonetics is representative but not
complete with regard to useful background informatim requlred for
accurate labelling. A reading list covering a more extens1ve range of

topics in acoustic phonetics and speaker 1dent1f1catlon has been compiled
and is presented in Appendi:: 3E, . '

3.2.3 . Labelling Procedur:s.
3.2.3.1 Labelling Functions

The function of the labelling program is the

extraction under operator direction, of records of the time
waveform from those phonetic tokens which are considered

appropriate for comparisons between speakers.

The labelling process is performed on an interactive
console on-line to a digital computer. During the course of
the procedure, the operator possesses the capability of display-
ing information that will aid in the iselation and identification
of the phonetic events under cons1derat10n Instructions with

regard to the display and Processing of information are inputted
to the computer through a keyboard.

The labelling process consists of two alternating
phases which are called macrophase and microphase (Figure 3. 10).
In the former,

a SDGCuographlc representation (frequency range: 200
to 3200 Hz)

of approximately 1.2 seconds is displayed. The
sonogram is generated by a successidn of Fast Fourier Transforms

taken at approximately 9t ms intervals. Fach amplitude value in

the spectogram is quantlzed into seven gray levels including

blank. The quantlzatlon levels are adjusted for optimum discri-

mination of vowels and nasals. Iow energy fricatives /t, v, 6, 8/
2

as well as stops, may appear as blank regions. Adjoining 1.2
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second spectographlc sections of the utterance can be dlsplayed

by the appropriate inputs through the keyboard. A lee-allgned
amplitude contour, representing total energy content of the speech
waveform is displayed above the spectogram. In addition to specto-
graphic and amplitude information, an identification header is

shown on the screen during macrophase.

As a means of isolating and identifying events,'a vertical
cursor ie superimposed over the spectogram and is positicned by the
operator to a desired point in timevb§ a thumbwheel ccntfol. Through
keyboard input, the capability exists for the audio playback of a
100 ms or 300 ms section of speech centered on the cufsdr. A large
section of the utterance may also be played back given the appro-
priate input. Provision exists for the generation and display of
those five phonetic types which achieve the greatest correlation3
with the time position over which the cursor is located. The
associated correlation values X100 are also provided. Tentative
acceptance of an event is made by inputting the phonetic Jc:c‘:‘.zawll‘L in

which the desired event is centered.

In most cases, it will be found that the energy content
of vowels exceeds that for fricatives and nasals. Within a vowel,
the amplitude will vary over time to;some degree; however, formant
position rather than the maximum in the amplitude contour should
determine cursor positlon. In the situation of a vowel between two
consonants with both second formant loci either higher or lower than
that of the vowel,,the formant of the vowel will pcssess'frequency |
maxima or minima usually near the centers of the events. The cursor,
in such cases, should be placed at these extrema (Figure 3.13) since
the formants are closest to their target states at thlS polint. TFor

the situation of a hlgher loci on one 31de and a lower loci on the

3 Correlation between two spectral vectors is computed to be the
cosine squared of their angle separation, expressed in percent.

L

A triad is defined as a triplet of three consecutive phonetic events.




other, the formants will tend to pass ﬁhrouéh their target positions.
Uncertainty in Positioning the cursor is greater for this coﬁdition'
therefore, it may bg”appropriate, if identity of the event is not i;
doubt, to employ the correlations in determining the position

approximating the target region. Using the four Sources of infor-
mation (spectogram,’ audio playback
the desired events for a frame ar

whereupon control is bassed to the microphase.

Microphase involves the selection of three consecutive
Pitch periods from the 100 ms time Sequences of each of the events
in the buffer. Each Sequence, as displayed on thé screen,

represents the sampled time waveform centered around the
selected cursor position.

Previously
The three pitch periods are delineated

by two cursors under operator control. Prior to final acceptance

. Or rejection of a candidate event, the operator has the capability
of listening to an audio Playback of the Speech section between
the cursors (concatenatedlten times ), Readjustment of the cursor

positions»may be undertaken if desired prior to acceptance or

rejectiq&f' Following the brocessing of all events in the buffer
Tor that frame, macrophase ig automatically returned +to and isolation
of events continued. ' The alternation between the two phases of
labelling continues until the entire utterance is examined.
- .‘2 . . . . . - : . - - = -

3.2.3.2  Techniques for Event Isolation and Identification
The purpose of this section is to describe certain
phonetic situations that may cause difficultyiin the consistent

and accurate Selection of phonemes and in associated bitch period

. in no way, cover all
of the labelling situations that may be encountered but |

extraction. The techniques discussed below,

rather
concentrate on those which are frequently experienced

3.33

; amplitude contour and correlatidns)

e identified and tentatively accepted,

It is worthwhiie to briefly;consider the5iséue of event
selection from the viewpoint of disdtimination abi;ity. In many
investigative/forensic situations, the amount of sﬁé%ch material
avalilable for comparison will be limited partiqulafly with regard
to the criminal (basis) utterance. However, in thopse cases in
which substantial éata'exists, it may be useful tb limit, to some
extent; the types of events to be used in‘the comparison. If:ﬁhe
phonetic types being coumpared afe taken from the same context in
both the criminal and suspect utterances, it has been determined
that the events /m, u, i; I/ provide the highest degree of
speaker discrimination. Even in such a text dependent comparison5
as used in the SASIS system, certain contexts are desirable to
others in minimizing formant transitions into and out of the vowel.
It is generally desirable to select environments possessing second

formant loci not greatly dissimilar from that of the vowel.

Fricatives are preferable to stops as the former result in greater

duration and energy of the contiguous vowel. Of the stops, the
types /k/ and /g/ tend to have variable second formant loci close

to that of the contiguous vowel, and are therefore desirable in
context. In general, it will be found that nasals are relatively
insensitive to the effects of environment. Furthermore, the formant
transitions into and out of nasals are quite rapid with the quality
of the nasal itself relatively stable with time, although of con-
siderably less energy than vowels. A vowel in the environment of

a naéal may cause the elimination of the first formant of the

vowel or generabion of an additional peak in the vicinibty of that

formant; therefore, it is desirable to preclude from the comparison

" & vowel in such an conbext. An additional effect which may be

encountered is the superimposition of fricative or aspiration over
the time waveform of a vowel. Energy from such phenomena which falls
into the frequency range of the SASIS analysis can degrade the

Y

effectiveness of the speaker comparison.

5 A text dependent comparison is one involving the same triad for
both members of the comparison.
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Another factor important in the selection of events is the‘

level of stress. It is desirable that a selected event be of a
reasonably high level ‘of stress. It should be noted, howe&er, that
stress 1s a perceptual entity involving temporal duration,
fundsmental frequenc&, and energy; thus, seemingly high stressed
events may not possess the energy content that they subjectively

appear to have. In declarative sentences, stress may becéme quite
reduced in the terminal portion. ﬁvents from this region should
be selected with care. It is also to be noted that events within
a voiced environment will typically have greater duration and
energy with a lower fundamental freguency than the same event in

an unvoiced environment.

The labelling of speech which is not of the General
American English (GAE) dialect can present special problems.
In many dialects other than GAE, an almost consistent substitution

of phoneme types can be found. For example, in the speech of

- Mexican-Americans, there exists a tendency to use higher vowels.

The event /1/ is often substituted for /I/, /u/ for f/ and /AN

for /a/. All too frequently, there is an undesirable tendency on

the part of the operator to label an event in accordance with what
should have been said rather than by:what was actually generated
by the speaker. It is important that the operator, in making
classifications, separéte, in his mind, the acoustic production

of the speaker from the spelling of the enclosing word and its
usual pronunc1atlon,

In making decisions concerning phonetic identity,
agreement between the subjective Judgment as to event type and
the highest ranked event of the anglé correlations is de511able
but should not be necessary for selection of an event. If
sufficient confidence in the subjective opinion exists it may,

in fact, be advisable to accept an event for comparison given
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its absence from the five greatest correlations. In situations
in which a high level of noise can be fommd within the acoustic
gtructuwre of the event, however, it is appropriote to place more
emphasis on the indications given by the correlations. Anoiher
point to be noted is that a sudden but brief drop in ecnergy will

be found in noisefree events at the region at which it is desired

to position the cursor. Examination of the {ime waveform in
microphase may indicate the decirability o rejectinr the event
due to gross variations in enerpgy and opretral content at that

point.

3.2.3.3 Examples of Tabellings Situations

This section gives photegraphice illucbtrations of the Inbellinge
process., n most cases, nacroplase wud niceoghnoe are shown with Lhe

cursor positions sppropriately pliaced for the particular tolion,

Wigures
3.10 through 3.23 are exomploc of events from Generol Americnn Faslish

which cun be considered typicsl (albiet noicefree) nnd accoptable op

comparison. Figurcs 3,24 throvch 3,26 are examples of typienl Lokome

Pk

REA 8

from GAT! which may not be acceeptable or 1llustrations of introspoaioer
variaticn. Pigures 3.27 throurh 3.32 represent some frequentiy occurrin:

phonetic substitutions in the Blackh and Moxican-Anorican dialooets ot

&l L e

The interactive displey cshown in these photorraphs differs in forwnt some-

what from that of the prototype SAZIS system,

W
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3.2.3.4  SASIS Sound Discrimination Example Tape

An audio tape was generated (T3 ips, NAB) which contains the
examples of Section 3.2,3.3. The entire sentence for each example is pro-
vided.

There are several examples which were derived from the same sentence.

The order of the sentences is the same as that of the examples.

For
these cases, the sentence is repeated.

Three dialects are represented on the tape: @eneral American,

The speech of the tape consists of phonetically
diverse sentence material read by seven speakers in a soundbooth.

Black, and Mexican-American.
In actual
operational situations it' is anticipated that the rate of speech and the

level of noise will be somewhat greater than manifested in this data base.

3.2.k Lexicon

As an aid in the labelling of Data Bases I and II, a phonetic

labelling map (lexicon) was established. The purpose of this map was
threefold: (l) to limit the labelling of each spesker to the same set of

friads, allowing for free variation at a position, (2) to enable the inclusion,
1n software, of triads resulting from free variation, and (3) to expedite the
human factors aspects of labelling, rarticularly with regard to repid label
entry. Rach triad is represented in the lexicon by the alphaphonetic characters
that- are used for input to the keyboard. The lexicon of Data Base I is given

'in Table 3.9 and the Data Base II lexicon in Table 3.10.

3.2.5 Labelling Ervor Correction

During the process of sentnce digitizing and phonetic event label-
"ling, e number of errors were introduced by the operator. These errors fall

into several categories including

1) incorrect sentence number,

2) incorrect speaker number,

3) illegitimate phonetic label,

L) legitimate but incorrect label,

5) incorrect boundaries, and ‘
6) miscellaneout' sentence label errors.

3.61

Each

triad of interest is showm in alphaphonetic form

Lexicon used in the labelling of Data Base I.
with possible free variation

e =
JR———

SENTENCE 2

pudding ~ dish.

to cook

daughter Susan

Keith

a fabulous

Dudley teught his

DX DX SH

X

SX SX

DX DX

X TX X

DX

BX -
AH

KX TH

17U

AW

AW

SENTENCE 3

determination %o do

ceaseless

with

shed

ransacked the

thug

The

SW TX DX X

DX TX

SX BX

DX

DH TH TH GX AH SX SX KX DH SH SH

EE

SW

AH

S -

3.62

damage.

AH SW

MX

dirty revblver-which;shot

judge was baffled by the

SENTENCE I
Above all,

the

SH TX
AA

X

AA
AW

ER

SW

DH DX DX DX VX

BX FX
AH

UH

SW

DH DX ZH DX

guest

the
‘DH ax

SX

GX

sSw




SENTENCE 5

Thus the excessively shoddy  bock

caused the  tudor's enthusiasm to’
DH_ SX SX_SX SH DX BX K{ KX 2X DH TX TX DX TH ZX ZX TX
UH EH AA UX AW SW uu Uuu MX
B UH :
AA
deteriorate. ]
DX X
EE -
SENTENCE 6 ,
Did Bev's gigeling sister kick the sassy dude.
E;\ DX DX BY VX GX GX IX SX SX SX XX XX DH sX 858X 8X DX BX
w IX EH IX NG X X sw AH uuU
BH
SENTENCE 7
Few people guessed that Vivian's daughter performed this
X PX GX sSX VX VX SW-2X DX DX PX FX RX ‘DX DH S8X
EE EH X NX AW ER MK IX
AL
AW
involved process.
VX VX SX SX
AW EH
‘ AA
SENTENCE 8
Dad dashed  from the shed to kick the pUPDY chewing his new shirt.
DX DX DX SH UH DH DH SH SH DX X KX DH X PX PX WX HX ZX UU SH TX
- AH AH MK sW EH X swW UH NG X ER
v AH .
1 ' ,
SENTENCE 9
These people shuddered in disgust when Cagney made a caustic and uncouth
DH zZX P PX SH DX SW DX GX s8X SW KX XX GX EE EH KX 8X UH KX KX TH
EE EE UH NX UH X AH MX AW NX. - UU
AA - EH AA
v
Lo
all rebuff. _
BX FX o
<
SENTENCE 10
The teacher should have popped the beef dish into the
DH TX T TX SH SH S8H IX PX PX DH B{ B FX DX SH SW TX
Su EE ER [1:4 AR SW EE IX
sizzling oven.

X
SX ZX LX UH

IX NG
EH




49°€

99°¢€

SENTEICE 11

Is it the duty of the packers to periom each debail.
Dy DX DX DX DE DX XX ZX PX FX RX EE DX TX
10 uw S ER ER MX EE
SENTENICE 12
J i 5y trap.
Ted's shirt, together with his socks, were yuined by the booby rap
: ¥ DH BX BX BX
Ty DX SH TX GX DH SX XX < =
EH ER EH AA
AH
SENTECE 13
Fifty talkers babbled casually as the cooks  Jittered
FX FX DX TX XX SX BX BX DH XX KX KX ZH DX DX DX
X EE ER AH 7] X X ER
. EH
dirty d&ishes on the buffet.
DX DX DX SH AW DH DH B BX FX -
ER X X S UH .
uu
SENTENCE 14
Bob determined +that people in Dunkirk caught puppies in sacks as =
BX BX DX TX PX PX UH KX XX KX PX S¥X KX
AR EE EE X ER UH AH
X,
SENTENCE 15 -

Susan's enthusiasnm should not cause Tbackers of Ted to persist in
S¥ 8X IX TH TH ZX ZX SH SH DX B zZX B zZX TX DX =~ 88X 8X
[i]i] NX [iii] MK X AW ER ER IX

. UH
their atiitude.
T DX
U
SENTENCE 16
Because the cost involves steadily performing the ©process, Tod should

X 7ZX KX 8X WX VX T IX PX F{ IX DH sSX 'SX. ~TX DX SH DX
AW AW AW ER ER NG EH AA [1).4 ’
UH AR EA
AR
not dash into debt.

DX AA DX SH DX TX
X AH EH

C e B i



SELTRICE 17
Bemntevas 0

Beverly was

baffled by the pauper

who $ibbed about his populous family.
BX VX BX FX PX PX X BX FX PX AH IX
- BH AH 1o X AA MX
AA
SENTENCE 18 N
Ted's feet should be kPurting Dbecause ke has a'pebble in his sock.
X DX SH X IX BY XX ZXx PX_ BX SX XX
AA [$2.4 NG AW EH AR
o EH UH :
2 SERTENCE 19
The singing officers asked for a third song
IX IX IX AW SX ZX ZX SX AV XX
NG NG ER AE G
SENTENCE 20
Did Dutch's daughter chet with the goggle eyed circus clown.
DX DX DX TX DX DX SH TX GX GX SX KX
X UH AW AH AA ER
EH AA
SENTERCE 21

The +third sauce

- SX SX IX ¥X
AW MK
AA

89°€

stimulated their peptic ulecer and caused

them to -burp.
PX PX Kz ZX S _TX BX ¥ i
TH AT MK ER
UH
Al




When Beverly cooks her good vegetable soup, she puts in a . teaspoon of
OBX VX KX KX --GX X " sX X SH PX X TX TX SX
- EH X UK 414) EE UK EE
(]3] X
butver and a pinch of pepyper. -
B DX P P )
UH BH -
¥ A
&
SENTENCE 3
Bob Dudley shipped  the circults +©o Boston on Thursday.
BY BX DX DX SH PX DH SX SX XX B 8X TH 7ZX
AA Uf - IX SW ER v AY ER
N - EE UH AA vH
UH DX IX UH . T el T
UH - -
SENTENCE b
The people ©on the Long Beach’ dock signalled the first ship ‘that passed
PX Px ILX NG AW | BX DX KX SX (62,6 TX 8X §8H ¥
EE AW NG AA X ER IX
UH UH EE EE
through the  fog bank.
DH FX B
SW
SENTENCE 5
w The  cops suspected that  the judge's sister was  peddling
-3
© W X X KX DH DX ZH DX ©SX 8X PX DX IX NX
AA EH SW UH X EH NG
UH o Ab UL PX IX
AH EE TH

SENTENCE 2

TABLE 3.10

Lexicon used in the labelling of Data Base II.
Bach triad of interest is shown in alpha-
phonetic form with possitle free variation.

narcotics.

NG AA NX RX
X AA

NG UH NX ¥
X AA
UH

e ey o
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SELTENCE 6

Dad is using a shovel 10 @move +the excess d&ir: from the curb.
DX DX TX SW s VX iUV SX SX DX TX
AR TG T i H T T
AA - wH X EH EH
AH UH U
X

SENTENCE 7

A Ffifteen-mile section of +the north causeway is in poor condition.
Y FX X AA 53X XX SW AW X RX KX 2ZX DX SH
IX MX EH X AW AW X
w | NX TH AU% EE
n AW
SENTENCE 8
The shop boss was more  than satisfied with the fabricated baffle.
SH PX BX sX ZX AW SX DX FX B B FX
AA AW MX AH AH AH
UH AA EH BH AA
UH UH
SENTENCE 9
The students c¢limbed the pAa:bh above the cabin and were pooped.
X DX P TH KX BX PX BX
.U Do AH AH uu
AA EH UX
SENTENCE 10 - S —
Tod _sflould be pu’v:n’::'Ln;gw " food in his dog's dish. L
TX DX S8H D PX DX TX X FX DX DX GX DX 8H
AA UxX UX NG uu AW IX
PX TX X Ux AU% EE
w _ X
N
SENTENCE 11
‘Paupers and those near = poverty substitute hamburger for better c_uts of beef.:
PX X ZX IX PX VX SX BX TX TX BX FX
AW o : . NX AA UH U . EE
o _

- 7X EE Ji\ns




Error detection and correction was carried out in three steps.
The first step treated errors of the category 3 and 5. Software automati-
cally rejected any alphaphonetic label which did not conform to a legitimate
entry In the phonetic symbol table. This same software rejected events

having cursor positions reversed or separated by an amount in excess of 70 msec.

In the second step, errors in categaries 1, 2, and 6 were deleted
by printing out the phoneme labels for the entire 35000 phonetic events, and
comparing speaker and sentence numbers to the labelling and digitizing logs.
This task was quite laborious, but permitted correcting a number of errors

within the label fields.

The final step of error detection was directed at errors in category k.

Irrors in this category would be more difficult to detect if each sentence
were labelled only once for each speaker. Each speaker recorded two sessions,
however, and o comparison of phonetic event labels for the same positions in
corresponding sentences was carried. Assuming that the phonetic content of
the observed positions was the same for the same speaker across the two
recordings, a consistency check was carried out and unconsistent pairs were

rejected. b

While it is obvious that all errors were not detected, it is felt

that the majority were found and rejected or corrected.

3.73

) ” . Y . Iy . . .
(1969) discusses %he physiological implications of speech scunds in

4L.0 COARTICULATION AND PHONETIC ANALYSIS STUDY
.1 INTRODUCTION

In speech, consonantal environments and overriding linguistic
framewvork significantly influence the physiologicsl and acoustical
structure of embedded vowels and, to a lesser degree, nas*is. In
many cases, a sound diswlays more of the characteristics of an ad-
Jacent phoneme than would be exhibited in a null envirornent
(assimilation). In less frequent circumstances, conbtiguous sounds
acquire a state of greater dissimilarity (dissimilaticn). Heffner
context. The acoustical effects of such phenomena, which are of
more immediate concern, are manifested in vowels and nasale as 1)
deviations in formsnt structure (freguency, bandwidth, relalive
amplitude), 2) variations in event duration, 3) differences in the

fundamental frequency, 4) changes in the level of amplitude, and 5)

.ipossible superposition- of frication and aspiration. The precise

nature of these effects js a function of the parbiculsr articulatory
characteristics of the consonant itypes in the environmen: and the

syntactic structure.

Of primary interest in the context of thekSASIS concept ig

the variation in vowel and nasal spectral structure (rumber 1 above )
as it contributes to a lessening of the sevaration between intra-
and inter-spesker distance distributions of a phonetic tyne. Vari-

ations in event duration are relatéd to achievemen®: of formans tergets

and, therefore, are also relatively importent while the remaining three
n

effects listed above are somevwhat second2ry excedt, perhaps, in an

analysis of features extending beyord the basic I spacirwi. The
major goal of this study has been to deternine, through empirical

means, those phcnetic types, of the sel of fourtecen previously selected

¢ ¥

l‘l‘ol




for use in this work, least sensitive to diverse consonantal envinonments
under differing levels of confiextual const*a*nu in a pairwise teken
comparison. A s ocondary consideration, from the oppos *1g viewpoint, in-
volves & dctnrmina+i¢n of thoce conbext tyves which tend to maximize the
speaker discriuinaﬁﬂon abilities of an arbitrary vocalic event. Experi-
mentation in this study hes been directed'fowards a qgantification of
intra-speaker varvwﬂce and the development of mean 17‘—Iv-n.fc'ios for each type
indicating eparatmon of intra- and inter-speaker dlSur“buulonb.

COnClu:ano related to Lhe context viewpoint are based on previously
esbablished knowledze in the area of acoustic phonetics, Consonant
contexts in this work are distingaished on the basis of place of artic-
ulation through catesorization by consonant type and by the separation
of second Sormant loci frequencies (rubs ) into low, mediwn, and high
positions (Potter, Xopp, and, Kopp, 1966). A breakdown of contexis by
manner of srticulation and voicing is also of interestv; however, spactral
voriation alcag these dimensions is less significant and such distinctions
were not empirically mede. Experimental work is divided into four phrases:
1) generation of the mean spectrun for each contextual hub category ror
each phonetic type of each speaker, 2) determination of the intra-specker

pectral Vﬂ“*ance as a funation of frequency and the mean spectral

varisnce for each type of each speaker, 3) computation of the mean F- ratlo,
based on intra~ and iqter—speaker distance distributions, for each type under
three conditions of contextual constraint, and ) generation of modified F-
ralios and S0C curves, under the highest level of contextual constraint, for
each type using a Qeighted Fuclidean distance measure. All experimental work
is based on Data Base 1 (25 speakers) from which appréximately 6700 triads
were labelled. The overall frequency of occurrence of events is provided by
\

type in Table T P ' by

)

L2

TABLE 4.1

Phonetic Type Frequencies of Data Base I

Type Freg. Type  Frea.
MX 0.0525 AH 0.0915
IX 0.0626 AW 0.071.3
NG 0.0489 X 0.039
EE 0.0693 i 0.070L
IX .. 0,0965 UH 0.083
EH 0.0967 ER 0.0370
AA 0.0919 sW 0.0379
h.2 QUALITATIVE SPECTRUM EVALUATION

The 64 point LPC spectra of the labelled tokens of Data Base I
were processed for the purpose of generating and displaying the mean
spectrum, under each hub context condition, of each phonetic type of each
speaker (Figure 4.1). The coubext cases averaged were 1) low adjacent
second formant locus on each side /p,b,f,v/ (bilabial, labiodental), 2)
middle adjacent second formqn@ locus on each side /k,g,e,a,s,z/ (1ingua.-
palatal, lingua-dental, lingua-aveolar, 3) high adjacent second formant
locus on each side /4,d,§,3)/ (lingua-aveolar, lingua-palatal), and k)
mixed adjacent second formant loci.l In addition, the mean spectrum for
all tokens of each type of each speaker was developed. Some context
categories for certain types did not possess any tokens dué to the lack of

words in the sentence set containing these triads.

The mean spectra generated were visually examined for the
purposes of developing qualitative conclusions with regard to intra-
speaker effects and verifying the validity of the procedures used in
labelling. '

. To be more precise, the hubs of the values Jie/ and /e/ are variable and

tend to be slightly higher in frequency than the hubs of the vowels
with which they are combined.
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Figure 4,1 ' ‘l' 4
. 4 £ ) 4

Mean spectra for each type of one spesker (No. 8) under various conbext condiiions. . i
From tcw to hotsem, each spectrur represents the mean of o) all hokens for thas tyve.

b) mixed and valuatle b cenbest, ¢) high hud centext, 4) medium hub coabcxu, on
lcw hub conbext. The counss ¢ssoc1ated with each type renresent the number of toker
Tor cach of the respactive contuxt condibicns. : '
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As anticipated, the second formant frequency generally increased
and the first formant frequency decreased with contexts of increasingly
higher hub position iﬁdicating that minor differences in lébelling technique
were secOndary‘with;respect to the variance introduced by contextual effects.
In a few cases, howéver,'there was an inverse movement of formants with in-
creasing contextual hub position. For the events /e, a,a, o, A, 3, 1/, it
was observed that the mean spectrum for the high and mediﬁm contexts were
In the

remaining events, all three contexts displayed considerable deviation from

assonant but rather dissimilar from the spectra of low c¢ntexts.2

each other. :

Most inter-context variation was exhibited by neutral and rounded
vowels. The existence of a high degree of intra-spezker variation for
rounded vowels iz attributed by Stevens and House (1963) to the slow rate of
lip nmovement reilative to the rate of movement of the other articulatory
organs. For the tyve /u/ it was noticed that, for virtually every speaker,
the second formant of the h*gh context position was at a considerably greatex
frequency that that of the middle hub context. However, only one word type
was used for each context condition of this vowel; thus the gstatistical
significance for this particular case can be considered low. A similar, though
more infrequent situation, of greater statistical validity was observed for the
middle and low context positions of /3, A,'o, u/. The only anomalies obse:ved
among front vowels werg some large differences in second formant frequency
between the middle and low context cases of /I/. The type /i/ exhibited
revarkable inter-context consistency.. This result is in agreement with the
findings of Stevens and House. The schwa /s/ was found to be reasonably con-
sistent in spectral shape probably as a result of it being labelled only in
the context of the word type "the." Inter-context spectral variance appeared

to be significantly greater for /m/ ‘than Tor the nasals /n, n/.

1

2 The type /i/ exhibited little dissimilarity between the medium/high and
the low mean spectra.

h.11



k.3 THTRA~S PRAKER SPROTRAL VARIANCE

Inter-context varionce was calculated at each of the 64 frequenc
b

points for cach phonetic type of all speakers of Data Base I

plotted (I I~ ) Results were
(Fipure 4.2). A mean variance across frequency positions was co
M~

u’t £) e XY Y s r

puted for ench caloulated resultant vector. These values were a d

across speakers i o

ovens pm 1§r hfor each type to provide the intra-speaker variance :ankin

s n Table 4.2, A rankin - i :

s . % by the mean of the distance function (l-cos=e)
) 3. Weighting by the number of tokens for each speak

was nob employed in computing the average e

TABLE 4.2

Rankinge of Mean Intra-Speaker Spectral Variance by Type

Typie
- 27,10 .
it 25523 EH

Uil 267.20 IR

ui 285198 IR

% 295.10 NK .
. U

29634 o~

Mean Spectral

: T
Variance ype

Mean Spectial
Veriancn

297,50
299,21
322.66
351.66
353.41
389,01,
431.87

k.12
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*Jll‘ll%_‘l .\ ,z'*’*\ ] ““1% the highest intra-speaker variance. This result is somevhat surprising
" L) - = A .
S TE o KT "ot Qe . . . s . . . .
7 i -\,_*_.{.‘-_ RN ! ey UH I S e since the articulatory configuration is essentially stationary during
i LT co S AN e . : : o
o T P N | M ] NS S nasal production and therefore relatively inscensitive to the effects
v W ;‘1‘ N - " H > :2 ,.“"“ - ..r'k"""“: o g o
s = T SRV PSRRI STV N § SN FANMANNG | ‘Q&?‘ Wi B8 IS L SRR 0 ity £050 N of context (Glenn and Kleiner, 1968). It is probable that the variance
g 3 X § .
o £l ' b a; } . P . . . .
i , X f can be attributed to differences in stress levels causing inconsisgtency
_ ; in nasal production. - Otherwise, it was found that variance was typicully
[2 W ; . . v
K)i " 0 ~‘ ) greater at higher frequencies as a result of the fact that the highest
i i : ']
‘\{R’. ohb S ' peak of each spectrwn, which is usually the first formant, swras pinned
< < .
™M ! . . )
" : A " to 255 quarter db. Thus, small diTferences in spectral rolloff between
S R ; , ~a Y 7 | . . ~tokens of the same type for a speaker became more pronounced at higher
i ) = ! ‘
! 7 b 4 - . . . . . . .
SHly :"&; ' YA N frequencies. An additional observation concerns maxima in the variance
Y] [ poiny
Gty s - EF £ S ! .
S andthay 0 T PCI | = A N 3 vector. The number of local maxima was usually greater than four. In
ST . TR L NEL ‘ R 5 !
pE N ’ = . - T ) AN N . . 3 3 N -
i L N » >2 N e T S NS | most cases, either a single maximum or a double peakx could be found
Wiy o e U VA S S E S SR | = T o Al RN T G s L D S RN Yt e S
! . il ’ Q centered at the position of each of the mean formant frequencies for
, |
L}
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b1k 5

*
.
P




that type. It is hypothesized that the peak splitting is the result of ‘ .
winor freguency shifting of formants possessing very similar amplitude

valuen. Congiderable inter-cpeaker dissimilarity was noted in the overall

shape of voriance vector plots. A mean verisnce was computed for each

gpeaker by averaging across phonetic types. The ratio of the variance of

the leant consistent spesker to that of the most consistent was found to

be approximately 2 to l.

b SPRAYNYR DISCRIMIKATION AND CONTEXTUAL CONSTRAINT
ol Overviow .

The primory goal of the experimentation described in sections
L.b.? and 4.4.3 is the determination of those phonetic types that provide
the preatest speaker separation on a single type basis independent of
correlations with the distances of other types. A ranking of this nature
is useful in providing some foundation on which an operater, in forensic/
investigative situations, can select the most discriminating subset of
types from the speech material available in basis and query recordings. A ‘l’
gecondary poal concerns the increment in diserimination that can be achieved
by the use of comparisons involving tokens teken from similar phonetic
environments relative to comparisons made irrespective of context.

Section M.4.2 discusses empirical work that was undertaken prior |
to the initiation of those tasks involving 1) selection of a feature set 1
which 15 a funchion of the phonetic type under consideration and 2) the .
exploration and aduption of an appropriate distance function. The criterion ‘
of performonce emphasized in the section is the traditional F-ratio computed

on intra- and inter-distance distributions. 1

Seqtion 4.lt.3 presents results developed subsequent to a valid, o

althourh not finalized, feature set. Events are ranked for the text
dependent constraint on the basis of $0C curves and two measures of F-ratio.

l".lG

e ——

i +
i

|

[l
]
¥

h.h,2 Performance Under Three Constraint Conditions

The distance measure utilized in this stage of the analysis is a
function of the angle 8 between the feature vectors iﬁ and ij derived from

speakers i and j:
t ¢

a = sin29
or d = l—cosee ,' ‘
where %, - %, ; |
L H
cosB "5(" P—Cl '
1 J

The basic LPC spectrum of 64 frequency points was taken as the feature
vector for all phonetic types. As previously mentioned, the‘highest peak
of each spectrum was set to 255 quarter db. An alternate normalization
procedure involves foreing each vector to a fixed length; however, with the
distance measure stuoted above, the two methods of nermalicubtion will give
similar results on a local basis. In the case of ali vechors normulized to
the same length, the discrimirant funstion of (l—cosge) gives relative
results identical to the unweighted Euclidean distance metric. The angular
distance measure was chosen priar to completion of the task invelving
distance function evaluation; thus, the results of that investigation

ceoncerning a nore optimal discriminant could neb be used in the phonecne

analysis/coarticulation study.

The measure of intra- and inter~zpeaker distribuiion sepzration
employed was the F-ratio defined traditionally as

variance of means !
mean ol variances VL

i [}

The intra—distribution'fpr each typé of cach speaker é&s eatablished by
computing the distances between all possible inkra pairs, subject Lo
one of the consiraint conditions stuted below., The inter distribution
was developed by computation of all possible disis

{wm J
stances bebwooh the

L.17



tokens of the intra set and thoce of different speakers, subject to the
constraint condition. From the resulting distributionc, an F-ratio was
computed for cach phonetic type for each speaker. A mean F-ratio was
calenlated foi each type hy averaging across speakerz. fThree constraint
conditions wore used in distribution generaticn: 1) context-indevendent
case ~ comparison of two tokens of the seme type independent of contesxt,
2) context~dependent case - comparison of two hokens of the same typs
from the same environment with regard to conteitual hub positions, e.g.,
comparisen of [HIGH ~A - HFGH] with [IIGH - A~ HIGR] , and 3) text-
dependent ~ comparison of two tokens of the same type posscessing the

same phonetic type environment, e.g., comparison of [P - J - PJ with

! p U [} .
[P~3 -~ P] . HMean ratios were computed for each of the three constraint

conditions end are shoyn ranked in Table 4.k, )

Histograms of the intra~ and inﬁer~speaker distances for two
types of onc speaker are shovm in Figures 4.3 and 4.4. The approximate
density functions gencrated were found to be basically unimodal in all
cases. Means and variances: compube . for the intra sets were based on any-
where Trom 70 to 250 comparisons with the context-independent condition and
from 5 to 35 comparisons in the text-dependent case. Obviously, the
statistical signifiicance of the F-ratios of the text-dependent ranking should
be qualitatively deemed less than that of the context-independent ranking.

It can be stabed that the F-ratios for the particular distance
function and Tewture sot used are low with considerable ovnr14; Betmcnn
ddstributions, However, the major interest in the phoneme =nalysis/co-
articulation evwiy is the relative value ol various types in a discrimi-
nation cituation eather than absolute probability of error; thus, the
netyriec and leaboras employed are believed to be adequate for this geoal.
Furthermore, the use of more tken a single type ir an cverall similarity

neasure is oapeched to greatly erhence speaker separability.
!

4.18

Context
Independens
Iype - I-Rabio
EE 0.29
NX 0.20.
AH 0.18
AW 0.16
NG 0,16
SW 0.15
MK 0.13
EH 0.13
IX 0.13
410) 0.12
UH 0.10
AA 0.08
UX 0.07
ER 0.06

The ranking of mean F-ratios, based on intra-

TABLE 4.4

*

and inter-speaker distribution by type, for
three constraint conditions used in comparisons.

Context
Qgggndar*
Type F-Ratio
Ux - 0.40
EE 0.3l
MX 0.30
AW 0.26
S 0.24
NX 0.23
NG 0.2C
BH 0.19
AH 0.19
uu 0.17
UH 0.15
IX 0.12
A 0.12
ER 0.C8
k.19

v, Teut
Denewdent

Type l"-Rw
MX 0.51
“ER 39
X c.3h
Al 0.34
NX 0.33
NG 10,33
Ux 0.32
AV 28
uu 0,27
SV 0.2%
AA 0.27
UH 0.24
EH 0.19
0.14

ER
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As expected, F-ratios become greater ac the level of contextual
conslbrainy wee increased. The radio of the F-ratio of the highest
yanked byue dn the texﬁ~dependent caset(/m/) to that of the highest
type in the eontext x“ eperdent  ranking (/if) was 1.77 while the
ratio for the lewscnt r wnked types was 2. 37. Under the text~dependent
eonstraint, the ratio of F-ratios of the highest and lowest ranked
type wor 3.0h,  The duerecse in Feratio as greater const?aint was
imposcd is obbrituted d priperily to a significant (as much,as an order
of wupmitude in the intra case) reduction in the variance of the
distriinl’ons, Inereases 4n the difference between intra- and inter-'
gpeakier neans vere much less noticeable.

Similarity ol the ordering of types across censiraint conditions
vas only mederbe allhoush scae types exhibited strens consis sbency.  The
avent /i/ clinined the greatest or sceond greatest Peratio for each of
the ke constivint conditions while /! ranced lovest for all cases.
Nasals were in the upper half of each of the rankingze.  Thus, vhile ox-
hibitivg high desrees of intru-speaker mean speelrel variance, there are
Suffiﬂjﬂut iner-speaker spectral dlf”crc :ces bebveen nasals to achieve
a hipher thin wedian -ratio. Given these reeulils end the observations
of olhers (Fant, 1000; Fujimure, 19G2), it is reascunble to state thak
the inter-opeskop differences in the nasal cavity are greater ihan these
of tho\urau eavity, MThé pesitien of AY ncross rankings varied considerably
due Lo the Lirited wedber of lokens cbtained for thl Lype. The schva,
which van Jeiollod enly in the context of "the" was intermediate in value ?
in &h; cantext=indopendent wid dependent, rankings but dropped in pesiticn :
sancvbol Sur e buxf“dﬁﬁ‘ﬁﬂwﬂt ccﬂdlthA due t : ieving !
ot <ooing 1o s o othéxr types echieving ;

&

£ . f T S L
% a5 the phouqula tyre on bolh sides of the event f
YR ‘.::‘u; b ARY Y43 oy 3 4 . ;
A6 Ninod dn the conparicon.  With regard to vesition of art ticulaticn, '

fx‘(! .: ' 3 ‘1\‘ '*, IRy e ‘v 495" ¥z * ‘
ab v Hiasselo vere found to be better diseriminators ihan back |

W f; ws : ‘ TN LY . :
vowels,  Whis recall is particularl pravinent under the text-dependent [
AN i - al\A [ Q '

JoF P Y [ T, s
conataL Nty A silrovg correlalion wus not found belveen diseriminstion |
- e -t o !:

caput ity and the cateserization of

4.2p

Ferele by duration as long or shert. H

hﬂh.s Performance Under the Text Dependent Constraint

Using neor optimum sets of featwre vectors which are a function of
the phonetic type, performance for each phoneme was empirically esbablished
on a text dependent basis employing, as a criterion, SOC curves and two
measures of F-ratio. The distance measure used was the unaveraged weighted
Buclidean metric described in Section 7.2. The SOC curves and ranking are
shown in FPigure 4.5 and Table 4.5 respectively. Two F-ratic measures, F2
and Fit defined in Section 7.2.3.1 were also calculated under the same metric
and constraints and are shown ranked by phonetic type in Table 4.6.

Comparing the ranking of traditional F-ratios for the text
dependent case given in Section 4.4.3 with the $0C ranking of Table 4.5
it is useful to consider those events which differ little in F-ratio or $SQC
area as interchangeable members of a group. Thus, by switching tha positions
of members within a group to minimize differcences betwecn the runkings, it
is apparent that excluding the types /u/, for which there exists little datu,
and /u/ good qualitative agmreerent is found between the two criteria.
Reasonable agreement can be found bebween ¥2 and the traditional P-ratio.
Agrecment with Flt 1s less ap%érent. The large values of I'2 and Pl relative to :
the traditional F-ratio can be attribubted Lo both the quality of the matric
and the noture of the criteria. The F4 criterion is a function of the
separate variances for the two distributions and is, therelore, not directly
comparable in absolute value ﬂiﬁh the traditional F-ratio.

b5 DISCUSSION

The influence of context on distance and mean variance meanures ean
be traced to amplitude shifts in specific frequency repions. House nnd Stevens
indicate that deviations in first formant position under diverse contexts are
minor in relation to those of the second formant. Vowels with low firct
formants are especially insensitive to variations in that formant. Tha shift
in second formant frequency is roughly in proportion o the differense between
the second formant frequency of the vowel spoken in 2 null environment and the

k.23
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direction of the displacement is towards the positions of the loci of the ; iR I
' : : X
surrounding consonsuts. In the case of /u/ in a postdental environment, i ER
i..‘ ! ! et
sccond formant shifts of as mush as 350 Hz have been found by Stevens and i Rl N R B '; ;,1y.;l".L 4 w vl
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has nowed that the frequency of fx

i
&

of central and back vowels combined. Thus, in the text-dependent case

ceopecially, the frequency and discrimination capability of phonetic types ; .
is coincidgental. - : v _ ‘
Figure k.5 SOC curves for each phenetic type based on

| ’ ' ;Fe welghted Fuclidean distances of Data
. \ . ase I under the text dependent constraint
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it i i Although empirical work was not done in this study from the context

viewpoint, it is possible to draw some conélusions concerning thre desirablilily
. of certein enviromnents. Certainly to minimize the extent of Tormen undevr-
shoot it is prefersble to select conscrnant-vecalic combinasions containin;
hub position dift'erences which are not greatly dissimiler. The %] end |4l
consonantal environments are highly desirable because of their tendency %
raintain a variable hub only slightly higzher than the vowel second formant

the glide /1/ also tends to be

the vowel. Formant torget
region urdershoot for eny vowel in velar or /1/ contexts should therefore

frequency.. To a lesser extent the locus o

b

variable with the placs of articulation o

i

2
be minimized.” Other glide enviromment of reduced irfluence arc: 1) [/

[}

, ; 3 There is some evidence that the initial /1/ in combination with certain
Figw e %.% (continued) , i ’ vowels, /u/ in particular, accentuates the interspeaker differences of
! ' the vowel (Potter, Kopp, and Kopp, 1966).

g : - h.er
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witl beek vowels, 2) /j/ with front vowels, and 3) /r/ with low vbwels.
Nasal enviroasents are to be avoided because of their tendency to
intrcduee zeros in the vorel spectrum. Tn & text—dgpendent case,
however, this matter is of less significance. Stevens and House state
that o voiced cnvironmgnt, ?elative to an unvoiced, causes a lower first
forment frequency and a higher second formant frequency. Relative to
manrer of articulation, higher second Porment frequencies age obtained
for front vowels in stop environments relative to frigatiﬁe environments
and for fricative cnvironrents in the case of /u/ and /v/. . Hovever
these formant deviations are probably secondary. of greatér interest,
perhaps, are the pesults of House end Fairbsnks (1953) indicating thatl
vowels in fricative envirvonments tend to be of greater duration and
power than those in stop environmente and are therefore somevhat less
susceptible to formant andershoot and lavelling jitter. As is well knoun,
duration for a voiced environment is greater than for an unvoiced

enviruinent.

Tt is worthwhile to bLriefly consider the extent to which Data BDase 1
is representative of the type of speach materizl that might typically be
encountored in en invesiisative/forensic gituation. IS hes becn demon-
strated (Molter, 1973) that individual coutent werds in listed sentences,
such as was ueed for Date Base 1, average 7 percent longer than the some
words in connected text. Thus, beceuce of the concomitant reduction in
vowel durnbion in non-cohtrolled conversational speech, it is expecﬁed
that larget positions will be atteined by Lormants with a slightly reduced
probability.‘ Furthcrmore, the presence of possible backgound cr charncl
noise will inercuse 6pcrator labelling uncertaialy and gssociated specorel
va;iation. Nasuls, while likely to be especially vulnerable to noise due
to their inhercent low enerzy lovels, vill be affected to a lesscr degree

| R : )
by rate of speech. Ancther fuctor 40 'be considered iz the spectral vari-

ation cansed Ly oveseiding linguisbic structure end end effects.  The
sentence material of Duts' Rase 1 was dprincipally declarative and labeslling
was underteken in predeminantly stressed envirenments. 1In forensic/in-
vestigative applications the syntactic framewerk is likely tc be mere diverse

and the range of amplitude nere exireme.

14,28

.6 MAJOR RESULTS AND CONCLUSIONS

The significant results and conclusions of this study are as
follows: '

1) The mean spectrum of most vocalic types embedded in high hub
consonantal contexts differs little from those of middle hub contexts. The
mean spectra for the high and,middle cases of a type are usually subsbanti-
ally different from that of the low hub consonantél context.

2) The intra-speaker spectral variance of a phonetic type
across diverse consonant contexts-typically exhibits one or two local
maxima in the regions of each of the three myan formant frequencies for that
type.

3) The F-ratio, based on the intra- and inter-speaker distri-
butions of a (l~cosee) distance measure using the LIC spectrum as the
feature vector, increases by a factor of approximately two as constraint is
increased from a context-independent to a text-dependent comparigon. The
highest context-dependent F-ratio is midway to that for other two constraint
conditions while the lowest 1s quite close in value to the lowest of the
context-independent ranking. The general order of phonetic types differs
between constraint conditions with the exception of two types /i/ and /3/
which consistently rank high and low respectively. The range of F-~ratios
within a ranking varied from about 3.6 to 1 (text-dependent) to 6.3 to 1
(context-dependent ).

4) Front vowels, high vowels, and nasals appear °* » possess
greater speaker discrimination capability than other type: . bext-dependent
situation. The categorization is clouded to some degree in the context-

independent and context-dependent cases.

5) Vowels traditionally classified as long vowels /i, a,o./
have lower intra-speaker mean spectral variance across diverse contexts;
however, the advantage of these types in a speaker discrimination situation

does not seem significant when the ranking by F-ratio is considered.

k.29




5f0 FEATURE EXTRACTION

The feature extraction task for the SASIS was carried out in two

phases. The first phase provided a feature selec
a preliminary feature zet all based on Data Bage
volved optimizing

tion procedure ang derived

b I; the second phase in-
‘e Teature selection proc . v i |
rentna Procedure- and deriving an improved
5.1 FEATURE SELECTTON: PHASE T

5.1.1 Summary
As part of‘the BSASIS development, a task was under

et of digital parameters on which o b
This feature selection proces

taken to

ase distance calculabions.
5 was carried out in three phases
e

define a g

as follows:

€ in #) L = g * P 3

E.) Valu - A 8 4 ~ M VLIV Y I\,ga‘xd t

welghts &
feature, ang ) o e
3) select a subset of feature
. [N
using a second-order (inte

Procedure.

8 for each phonetic event category

rfeature correlation) selection

The end goal of this t
for each phonetic event category
selected feature.

ask was to obtain a unique set of features

along with a set of weights for each
The weights are fop distance calenlations.

> ’ The pro
was conducted for each phonetie event categor e

v independently.

~ e
5.1.2 Feature Definition

The first step in the feature selection Y

J ocess was definiti
a candidate set of features. o

This set is designed to extract information
. No consideration was given %
rendencies in defining the candidate set

has as its task decorrelation

from the speech Process.
0 interfeature de-

» 81lnce the feature selection phase
of features.

5.1

The features selected are of a static nature, i.e., they are
extracted from the isolated three-pitch-period interval of acvoustic speech
data. No in. -mation fs derived from the acoustic signal external te this
interval. This static constraint prohibits use of transitional information
used in the subjectivﬁ voice-spectrogram~comparison procedures (Papcun, et
al, 1973). Two additional consﬁraints have heen factored into the defini-
tion process and include observing the telephone channel béndwidth and re-
quiring that feature rules be implemental on the prototype system without

excessive complexity. . .

The candidate features are defined in Table S.l?with term
definitions given at the end of the table. The 162 features are parititioned
into several groups based on the nature of the feature subset. These groups
consist of linear-predictive-filter measurements, Fourier measurements, time-
domain features, and a special feature group. Table 5.1 gives information
relating to feature number, feature location in the feature vectory array, and

a‘mathematical definition of the feature.

5.1.2.1. Linear Fredictive Filter Peatures

The group of features numbered 94 through 100 and 101 through 164
in Table 5.1 are measurements derived:directly from the linear predictive
coefficient (LEC) process. The first feature subgroup (features 94 through
100) represents special parameters obtained via the process. Derived here
are the estimated positions and bandwidths of the first three formants and a
measure of LFC estimation error. This latter feature measures the degree to
which the LPC filter can estimate the individual speech process. The second
group (features 101 through 164) is the set of spectral estimates derived via
the LPC spectrum. A tenth-order filﬁer, in which no pre-emphasis is employed,

is used. The spectrum is sampled every 53 Hz.

]
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| 3 N intion
Yeature Feature Descripticr

{ ]

‘ TABLE 5.1 ' . i g gﬁ:&gﬁe T,ocation (See explanabion at end of tablg)
. SASIS Cendidate Descriptions o7 243 803, 0.7) - 8(1.5, 3.2)
6 . ‘ (. | o8 ol 8(1.7, 3.2)
Feature Feature Feature Description ' . ) ‘g4 —_—
Number Location (See explanation at end of table) ~-gpecial Features Sensitive to /n< (1.7, 3.2)
~ =-Spectral Derivatives-- . 29 2h5 8(1.0, l°Z' ) (Z‘h’ 3'0)
1 217 | s(.5, .7) - 8(.3, .5) 30 ol 8(2.0, 2.4) - s(a.o, ;‘u)
5 18 s(.7, .9) - 8(.5, .7) a1 ol s(1.6, 2.0) - .s 2.0, 2.
-3 219 s(.9, l-l)‘ - 8(.7, .9) . --Time-Domain Features-~
i 220 : . s(a.1, 1.3) - s(.9, 1.1) ) Auto-Correlation coefficient betweeg
5 P21 s(2 3, 1.5) s(1 ; 1.3) 3 # the Tirst and second pitch period
£= e e e waveforms
6 222 s(i.5, 1.7) - s(L.3, 1.5 250 Piteh period
’ g ' 33 ! ' 2N
! 223 5(1.7, 1.9) 8(1.5, 1.7) 3l 251 - : ‘nonlinear form of pitch period
8 22l s(1.9, 2.1) - s(L.7, 1.9) ' ' x period :
9 225 s(2.1, 2.3) - s(1.9, 2.1) 35 50 . not meaningful
10 2 .3, 2.5) - 1, 2. ' ‘
11 Zzg :Ei 2, 2 ii :Ei ;’ 2 2; --Fourier Spectral Measurcments--
o ° /s . ~ “*J) .
: : : 0 Not used
12 228 s(2.7, 2.9) - s(2.5, 2.7) 3i zli ' s(.3, .5) P=2dB
’ . . . 3
13 229 s(2.9, 3.1) - 8(2.7, 2.9) 28 511 ©s(.h, .6) P=0
' ‘ «-Spgcial Features Sensitive to /a/-- 39 . 512 s(.5, .7) P=2
b 230 (2.1, 2.6) - $(2.6, 3.4) " ko 513 (.6, .8) = F=2
15 231 b s(1.9, 2.9) - 8(3.0, 3.2) Iy 51l ) s(.7, +9) P=6 ‘
16 232 s(1.9, 2.3) - S(L.9, 3.2) Lo 515 ~ s(.8, 1.0) P =28
AT 233 s(.3, .5) - 8(1.9, 2.3) 43 516 s(.9, 1.0 P =10
X P =11
~--Special Features Sensitive to /i/-- bl 517 8(1.0, 1 2; P =12
18 23k s(2.0, 2.3) - 8(2.2, 2.7) 5 8 S ii) P =13
19 235 s(2.0, 2.3) - §(2.7, 3.3) 5 519 s(1.2, 2.
7 520 . s(1.3,2.5)  P=1k
~-Special Features Sensitive to fo/-- o1 S(1.k, 1.6) P =15
20 236 s(1.6, 2.0) - s(2.2, 3.2) N8 222 s(L.5, L.7) P =16
21 237 5(0.3, 2.0) - 8(2.0, 3.2) 49 23 : s(1.6, 1.8) P =17
22 238 : s(1.8, 2.6) - s(2.2, 3.2) 2 ZZN s(1 7; 1.9) P =18
. 51 .
e3 239 | 8(0.3, 1.0) - 8(2.0, 2.2) o 525 : 5(1.8, 2.0) P =19
-~Special Features Sensitive o (I)-- 53 526 (1.9, 2.1) P =20
2l 240 s(2.3, 2.9) - 8(3.0, 3.2) S 527 1 | §(2.0, 2.2) P =20
5 2hl, s(1.7, 2.3) - s(2.3, 2.9) f
26 22 s(1.7, 2.3) - s(3.0, 3.2)
5.3 5.4



: 23 j‘ - o . L3
Featurse Feature Feature Description

Teature Feature Feature Deseription
Nasiar Lonnabion (Sec_explzraticn ot ond of table) Number Locaticn (See explanchion ab eni of table)
""‘;:"b‘."“‘“" 528 s(2.1, 2.3) P =2l . 90 563 | s(2.2, 2.8) P =22
(. 56 . - " 529 | s(2.2, 2.4) P=21 b 91 56/ $(2.8, 3.2) P =23
‘ 57 530 ) 8(2.3, 2.5) P =22 . 92 . 565 S(1.9, 2.5) P =21
58 531, s(2.h4, 2.6) P =22 93 | 566 s(2.5, 3.2) P=20k
59 532 8(2.5, 2.7) P =23 —i-LPC-Derivcd Special Feotures-- |
60 933 s(2.6, 2.8) P =23 ol 210 ‘ LIC prediction error (rms)/input
61 534 - s(2.7, 2.9) P =2k . . ' ' signal (rms)
62 535 s(2.8, 3.0) P =2k . 95 211 ' BWFS >
63 '~ 536 s(2.9, 3.1)  P=25 , ’ 96 212 B,
Gl 537 . 8(3.0, 3.2) P=25 ~ F2 ,
65 538 5(1.6, 2.0) . P=18 | o7 213 By ,
6 539 $(2.0, 2.4)  P=21 98 21k - F3/16
o 540 s(e.k, 3.0) P =23 99 Cas F2/10
8 5liL - 8(1.0, 1.7) P =13 100 216 - F1/L
6o sh2 8(L.7, 3.2) P=2l -~LPC-berived Spectral Bstimates--
70 543 (.3, .7) P=2 101 253 Not nsed
T 5l 8(1.5, 3.2) P=al 102 25l . 1(.0)
. 72 5145 8(1.7, 2.3) P =20 : PY 103 255 1(.053)
® . . BhG s(2.3, 2.9) P=22 . 10h4 - 256 L(.106)
T sl 5(.3, 1.0) P=0 : © 105 257 L(.159)
75 548 s(2.0, 3.2) P =23 ' 106 258 L(.212)
76 549 5(1.8, 2.6) P =2l 107 - 259 L(.265)
"ot 550 s(2.2, 3.2) P=23 - 108 260 " 1(.318)
78 551 s(.3, 2.0) P =10 109 261 : L(.371)
79 552 s(2.0, 2.3) P=2l 110 262’ L{.425)
80 553 s(2.7, 3.2) P =25 | 1 263 L(.478)
81 55k s(2.2, 2.7)  P=22 | 112 26k L(.531)
82 555 (1.9, 2.3) . B=20 113 265 L(.584)
83 556 §(1.9, 3.2) P =20 11k 266 . 1.(.637)
ol 557 o 8(r9,29)  P=22 | - 115 267 ' 1(.690)
85 558 ‘ s(2.1, 2.6) P =22 . ‘ 196 068+ 5(.743)
84 559 §(2.6, 3.2) P =2k 117 " 269 L(.796)
87 560 s(.3, .6) P=0 - 118 270 ‘ 1,(.850)
8 561 5(1.6,3.2) P= 22 : ; 119 271 1.(.903)
z\‘ , 89 562 s(1.6, 2.2) P=20 | : (. ' 120 o72 L(.956)
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» - -« Peature Descrivtion

en exnlensticn ab end of “able)

.5,

L(1.C09)
L(L.062)
L{1.115)
L(1.168)
L(1.221)
L(1.275)
L.(1.328)
1.(1.381)
L{1.434)
L(1.487)
..(1.540)
L(1.593)
L(1.646)
T.(1.700)
L(1.753)
L(1.806)
L(1.859)
L(1.512)
£(1.965)
L(2.018)
L{(2.071)
L(2.125)
.(2.178)
1,(2.231)
L{2.284)
L{2.337)
L(2.390)
L{2.443)
L(2.495)
L(2.550)
L{2.603)
L(2.656)
L(2.709)
L(2.762)
L(2.858)
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Feature Feature. Semenee Feabure Description 1 1‘
Number Location (See explanz®ion 2% end of table) il |
——— —— : ! . . .
156 308 . L(2.921) . ] b ‘
Q 57 .. 309 - L(2.975) | C‘ | » DEFINITIONS
158 310 ' L(3.028) L : ] | '
159 311 ‘ 13.081) ' o 1 . . . ,
160 - 312 " L(3.134) | ‘ . ‘ o f
v 161 313 L(3.187) S{n,m) is an estimate of spectral energy derived by summing the
l | ' " i
‘162 314 L(3,2l+0) Fourier power spectral estimates of n kHz through m kHz,
163 315 L(3.293) . inclusively and taking the Logy - '
164 316 L(3.346) | :
P pre-emphasis applied to Iourler spectral measurement to
reduce dynamic range over the spectrum. P = 2 reads: pre-
. emphasis of 2 dB is applied.
BWFJ. Bandwidth of first formant
Fl Frequency of first formant
‘ ‘ , R . I{n) spectrel sample at n kHz of spectrum estimated via LPC
‘ P - o ' o ‘ . . analysis of isolated phonetic event data, Sixty-four
' samples are taken over 3.40 kHz.
‘ :

U3
-
\O .
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5.1.2.1;1 Background
edictive encoding techniques, it

In the utilization of linear PT
pased on the following

18 useful to establish a model of speech production

assumptions:

1) During the analysis interval the overall transfer'function

of the vocal rract (glotbtal source,
esented by a 1linear time-inv

mowth configuration, 1iP radiation)

can be repr arisnt friter consisting only of

f£1lter poles.
2) during the analysis interval, the vocal tract configuration

is assumed to remain fixed in shape.

only vowels and nasals are used for speaker comparisons.

Tn the SASIS system,
jon of an all pole representat

Tor vowels the assumpt ion is quite appropriate.

elar nasals below 5 kHz, a 2Z€ro is introduced

However, -in the case of non-v
+hose features derived

he occluded oral cavity. Thus,

by the coupling to t
ed of less value for

from a linear predictive analysis can be consider
The assumption of a fixed vocal tract shape will

nagals than for vowels.
interval length in Section

fly in relation to analysis
i

be discuésed brie
5:102-1.‘3.

Implementations of linear predictive encoding procedures can

4 with one of two formulations:
In the covariance method (Prony,

spvariably be associate 1) the covariance

method, and 2) the autocorrelation method.

1971) the signal is defined for MtN consecutive

1795;.Ata1 and Hanauer,
values where M is ‘the number ©

and N is an integer defining record length.
In the autocorrelation approach

71), the signal is defined

f time samples on which a prediction is based

Mean squared error is then

minimized over the record of N samples.

| 1966; Ttakura and Saito, 1970, Markel, 19

(Wiener,
cord length N. Minimization

for all time but windowed to be non-zero for re

of mean squared error is taken over all time.

' 5.10

b s

‘\.

Ot] - ( 3. [] E, ] ‘ s i [ .
. . )

J .b' th d. h'] : .t],“ s .E\ > :] 3 :

are possible. C i
Computationally, the autocorrelation method has 1
ess com-

however, tha :
, s ab under the assumption of stationarity the covari
reduces to the autocorrelation method tance method

r

- . I pp
o = n

b . .
) y a linear weighted sum of the preceding M samples

M

s -
= - 3 a,s8
g g=1 % Bl

The error bet i

. . ween the actual signal and the predicted val {ses

, bime point is then given by o S
M

e =g -+ i a

and the total energy of the error record by

E= ¢ e 2 .
n B
The problem is' ini
is’ thus one of minimizing E with respect to the predict
or

. . . .
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where for an arbitrar&rz,
- N-1-4]
r, = ‘

z .
2 neo °n Snflzl

4

The matrix représented by this set of M linear equations'is a Toeplitz
form and therefore readily amenable to an efficient solution by a

recursive procedure requiring less than the order of M3 éomputations.

From equation 5.1, it is apparent that the discrete transfer
function of the inverse linear filter is given by

: M :

AI(Z) =1+ ¥ 2, 2% , (5.3)

£=1

The effect of the inverse filter is to grossly transform the speech
spectrum into a spectrum of constant amplitude. Effectively, the signal
ié reduced to white noise but with superimposed impulses at the fundamental
frequency. The transfer function of the vocal tract including the effects
of glottal source, oral and nasal cavity configuration, and lip radiation
~ can then be represented by the all pole model

1
A(z) = M -4
X

1L+ 3 &a,z

(5.14)

-

As M approaches inﬁinity, the mean squared spectral error is reduced. In
. from harmonics
of the fundamental frequency is not of interest. The order of the filter
is, therefore, limited to exhibit oﬁerall formant structure

i i .

this study, however, that fine spectral structure résulting

only.

! t

0 ?

5.12

The power spectrum of the vocal tract transfer function is ob-

tained by evaluating A(z) on the unit circ].e,l

109) ='|A(z)[2_ -

An alternate method of computing the spectrum, which is used in this work,
is the discrete Fast Fourier Transformation of the sequence representing
the impulse response of the inverse filter as given by [lg Bys Bps eevs
‘%M’ 0, ..., 0].

Formant frequencies and bandwidths are easily computed by
solving for the poles of equation (5.4). Equating amplitudes and angles

between the z and s domains, we obtain for the jth formant

_ -1 %
W, = —fs tan o
L
and
- s 2 2
= . +
oy =g n (E e
where the poles of (5.k) ar 'z, =z + jz

£ Lr

5.1.2.1.2 Sample Ffequency Tradeoffs

In selecting a sample rate, consideration was given to the use
of a sampling frequenéy other than the 10.0 kHz rate with a 4.0 kHz cutoff
originally proposed. Certainly the use of a 10.0 kHz rate would be a prelude
to the utilization of speech of bandwidth greater than that obtained from a
telephone channel, if such data were to be available. However, it is antici-

pated that most speech material operationally inputted will be derived from

Tn some circumstances involving the precise selection of formants, it is °
useful to compute the spectrum along a circle interior to and concentric
with the unit circle; however, in this work, off-axis spectra are not
utilized.

5.13
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a telephone channel and thus bandlimited to 3.2 kHz. The use of a 10;0 kHz
fate on data of this nature can be expected to introduée degi adations into
the analysis process. BSince no significant speech energy will be found in
the frequency regicn between 3.2 and 5.0 kHz, the spectrum generation process
emﬁibying linear predictive snzlysis will be modeling a noisé spectrum above
3.2 kHz as well as & signal spectrum below that frequency. Qualitatively,
the result is ar increase in mean spectral error over the frequency range

of the signal and thus a concemitant reduction of the value of features
derived from the LPC analwysis. The difficulty is not limited to LPC derived
parameters. Other features and derived system statistics would lack optimi-

zation with 3.2 kHz speech.

Given 1) the practical impossibility of developing and implement-
ing two sets of features and statistics, one for each bandwidth, and 2) the
expected low use of wide bandwidth material, for basis and query utterances,
relative to telephone material, it was decided to employ a sampling rate of

6800 Hz . all analysis and implementation. The prototype system will,

however, have the capability, in hardware, of sampling at higher rates should

it be deemed desirable in future situations.
5.1.2.1.3 TImplementation

The purpose of this section is to describe the specific LPC
implementation employed in the SASIS software and to Qiscuss the experi-
mentation and considerations relevant to the selection of parameters

effecting the analysis. Those factors which are significant include

1) ‘the number of pitch periods to be exﬁraéted,
2) pre-emphasis of the input signal,
3) the order of the inverse filter, and

%)  the number of spectral estimates derived.

¢

The selection of the number of pitch periodé to be consistently
extracted for analysis was made on the basis of qualitative judgments. 1In

general, it is desirable to avoid record lengths which are of such excessive

¢
f
!
|
}
‘
3

1
b

duration that frequency smearing results from the non—sﬁationarity of the
vocal tract. Furthermore, the use of such a length may,. all too frequently,
exclude from the comparlson events which are qulte short in duration. For

these reasons, the utlllzatlon of four pitch pericds was eliminated as a
possibility. '

On the other hand, the use of extremely short:analysis intervals
has . undesirable effects including 1) an unduly heavy reliance on the skills
of the operator in extracting the desired time segmént, and 2) of more
dubious significance, a loss of intrinsic frequency resolution. The limit-
ing case of short duration is, of course, that of a single pitch period.
Fregquency resolution for an 8 ms pitch period is 125 Hz. More importantly,
however, the results of a single pitch period analysis will be highly
dependent on any ﬂnV1ronmental/background noice or undesirable speaker
effects superimposed on the signal at the point at which the steady-state

\characteristics of the event are most closely approximated.

The choice of analysis interval is then one of either two or
three pitch periods. To further lessen that intra~token variation that
may arise from differing operator choices, a decision was made to extract
three pitch periods from all tokens., Windowing of the extracted time
sequence is not employed since the analysis is piteh synchronous.

]

The second factor requiring attention in the analysis is pre-
emphasis of the input signal. As a means of determining the desirability
of spectral flattening, unpre-emphasized LPC derived spectra (M=lé) were
generated;fpom the five phonetic events [1i, u;‘a,a., n] of each of three
speakers (No's. 3, 13, and 27 of data Base I)" For three of these events
[i, a, n] pre- empha31zed spectra were produced from: the same data records.
All records were comprlsed of three pltch periods. The pre-emphas1s transfer
frunction employed was Hb(z) =1 - ezt where ¢ = r(1)/x(0). The values of |

t
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r(1)/r(0) derived in the first case for each event were used as the pre-

emphasis constants for the second case. The length of the data records

used veried from 27.6 to 41.3 ms (73 to 108 Hz mean fundamental frequency).

":Qﬁantitative results are presented in Table 5.za.

Without pre-emphasis dynamic range varied from 25 to 49 dB.
Due to the effects of the SEG 3002 telephone chamnel simulator, the peak
of the first forment was typically reduced by 3 to 10 dB relative to the
secomd in the unpre-emphasized data. The maximum difference in amplitude
‘between the first aﬁd second formant was approximately 10 dB. For the

vovels [i, a,a] of speaker 27, the peak of the second formant was greater

“in amplitude than that of the Tirst. The nbrmalized auntocorrelation value ¢

displayed considerable inter-phonetic and intra-speaker variation (-0.336
to 0.812).

The use of pre-emphasis reduced dynamic range of the spectra

.as much as 14 dB. The mean square inverse filter error was, in socme

cases, reduced by pre-emphasis and, in.obther cases, increased. As expected,

the first formant frequency was raised by typically 10 to 50 Hz.

Given the results of the experimentation described above, it
was decided not to employ pre-embhasis for the following reasons: 1) The
telephone channel effects a considerable reduction in dynamic range. In
some cases, abtenuation of the first formant is such that without pre-
emphasis it is exceeded in peak amplitude by the second formant. 2) The
optimal first-order pre-emphasis constant given by r(1)/r(0) is extremely
variable thus complicating the issue of selection of this variable on a

fixed basis. Furthermore, there exists no single fixed value For this

constant that can be assumed to reduce dynamic range for all inputs since-

suppression of the higher frequencies is occassionally requiréd by use of

a negative pre-emphasis constant. 3) Because the fundamental frequency is

heavily «bbenuated, there exists little chance for confusion between the
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TABLE

Dynamic range and normalized autocorrelatibn
with and without pre-emphasis for events of

three speakers of Data Base

-
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With Pre-~emphasis

Dynamic Range

Without Pre-emphasis
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Dynanic Range
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glottal source and the first formant, thereby obviatiﬁg the need for pre-
emphasis. S) The distance measures employed in this work are based on
log spectra. The sign&ficance of log spectral differences in the distance
measure is essentially equal from low frequencies to high frequencies which
may be reduced in amplituae.

In addition to consideration of the use of pre-emphasis it is
necessary to determine the desired order of the inverse filter. The
spectra of two vowels and one nasal [i, a, n] of each of %hree speakers
were generated without pre-emphasis for the purpose of establishing an
appropriate value. The speakers and data records employed were the same
as those of the pre-emphasis experimentation. The ratio of the mean square
error signal to the mean square input signal was computed for each of the
six tokens as a function of M. Blots for two events of one speaker are
shown in Figure 5.l1a.In general, no significant decrease in normalized
error was achieved as M was increased above 8. However, from an examination
of spectral outputs it was determined that some cases did exist in which
primary formant structure was not fully developed .ntil the use of a filter

of order lOl. For these reasons a tenth crder filter was selected for this
work., This value is somewhat less than would be required for speech that

has not been exposed to the effects of a telephone channel (Makhoul and Wolf,
1972). . . L . |
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An addit;onal paramster requiring quantification is the number
of spectral estimates to be derived from the linear encoding process.
Selection of this parameter is not overly critical sinée fine spectral
structure is not of interest in this;work. A suitable number of zeros
was eppended to the sequence of predictor coefficients to yield 65
frequency positions (including zero frequency) from the discrete finite

!

In the cuse of M=10, the trormalized error power ranged from 0.068 to
00355.
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Fourier transform. Frequsncy spacing was, therefore, 50 Hz. Thus, from
ﬁhese spectral estimates a formant frequency can be de%ermined to within
50 Hz and two formants no liss than 100 Hz apart will be discernible.
Such resolution is more than adequate pgiven that the separation between
two formants is rarely less than 200 Hz.

A block diagram of the stages of processing used for developing
spectral feature information in both the analytic and prototype systems is
given in Figure 5.1b. Following scaling to 12 bits, the autocorrelation
vector ri, i=0,1, ...,,10 is generated by simply summing the lagged
products. Since M is only 10 and data record lengths are almost invariably
greater than 150, normalization to compensate for a varying number of terms
in the sum is not employed. The Toeplitz form is solved recursively by
Robinson's method and the frequencies and bandwidths of three first three
formants computed by finding the roots of the inverse filter polynomial
using POLRT (single precision) in the IBM Scientific Subroutine Package.
‘The first three formants are defined as those resulting from those three
poles closest to the w avis, excluding real roots. A discrete finite
Pourier transform is taken of the sequence of predictor coefficients with
zeros concatenated. The power spechrum is then computed , inverted and
expressed in quarter dB with the greatest value set to 255 quarter dB.

The word lengbhs primarily used in the analytic and prototype systems are
16 bits for integer operations and 32 bits for floating point operations.
Floating point calculations are used extensively in the spectrum generation

process.

An example of a spectrum resulting from the linear predictive
encoding process is shown in Figure 5.lc.
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Spectrum of a token of

Figure 51¢

The zero frequency component is shown at

position zero.

5.1.2.2 Fourier Measurements

.

The Fourier measurements consist of a Fourier spectral measurements

group and a Fourier spectral derivatives group.

The Fourier spectral measurements group (features 36 through 100
in Table 5.1) are derived by analyzing the 3 pitch periods using a 512-point
fast Fourier transform.' No window is used, since exactly 3 periods are
represented and array points outside the 3 pitch periods are set to zero.
The‘transform yields a complex spectral estimate every 13.3 Hz which is
squared to provide real power estimates and then integrated over specified
spectral channel intervals. The resulting estimate is then loglo transformed,
and a spectral flattening pre-emphasis (given in Table 5.1 by P = N dB) is
applied to reduce the dynamic range. The expre551on describing the measurement

is

0()
s(i,3) = ko log, {}?CFY:?CTY;I R ’ ¥ (n)l

where s(i,3) spectral measurement for the interval 1 kHz to j kHz,
expressed in 0.25 4B, _ .
Fourier sample corresponding to i ¥Hz, and

c(i)
F(n)

magnitude of the noh Fourier coefficient.

The Fourier group is divided into two segments. The first subgroup,
feauures 36 through 64, are 29 bandpass spectral measurements, each representing
a 200 Hz segment of the spectrum, and a new measurement starting every 100 Hz
from 300 Hz. The second subgroup, féatures 65 through 93, are special bandpass
estimates of varying bandwidths and positions These features are employed in
the ratio deflnltwon .of the feature group sensitive to SpelelC phonetlc events
(features lh through 31)

The spectral derivative group (féatures 1 through'lB) measures the
slope of the spectrum in 200 Hz segments from 300 Hz to 3100 Hz. Each .. '
resulting measurement is the loglo of ratio of two contiguous 200 Hz bandﬁéss
segments of the Fourier spectrum. Note that these derivatives are along the

frequency axis and do not measure temporal effects.

5.23




i
!

© st

i . )

; . i
1 o | ,
f

!

| ‘ 9
5.1.2.3 Time~-Domain Features ' ’
The time-domain feature group (features 32 through 35 in Table 5.1)

measure certain temporal parameters about the three-pitch-period event

segment. These incluge pitch period length, T, and periodicity, R(T).

5.1.2.4 Special Feature Group

13

The special feature group (features 14 thrbugh 31) is sensitive to
events /a/, /i/, /I/, /O/, and /n/ are similar to those used in the Texas
- Instruments voice identification study (Hair and Rekieta, 1972). These
features measure the ratios of power in certain bandpass segments of the
Fourier spectrum expressed in 0.25 dB units.

5.1.3 Feature Evaluation
The second step in the feature selection process is evaluation of
individual features. The evaluation process is carried out for each phonetic ‘

event.categofy separately. Bach feature is evaluated based on its ability to \
discriminate among speaker categories. 1

The purpose of feature evaluation is to provide a measure of in-
dividual feature value to a classification process and to provide a quanti-

tative weight to be employed in the distance computation.

The data base used in these experiments is Data Base I and con-

sists of over 6000 labeled phonetic events from the 14 categories across 25
speakers.

¢

Feature evaluation is based on the F-ratio-(P;uzansky and Mathews
196&) and measures the degree of interclass spread compared to the mean intra-
class spread for values of the featuré under consideration. The F-ratio is
defined as ' ‘

variance of class means
= PR TR -
mean of individual class variances

Al
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The F-ratio used in this first phase is based on context independency,
i.é., phonetic eveﬁﬁs are grouped on the basis of the phoneﬁic classifiégtion,
without regard to céarticulative influence of adjacent events. The adVéﬁtage of
this approach is that it makes the F-ratio computation much simple;. Thé‘

expression for the F-ratio used in this phase is further expressed-as

1 Ye. ~ 2 2
T n (F,-TF)
: -1 =1
FR1 = i T ’
R - Z‘l(F -F )
Nc ‘i=. Ti"l _t;:l t ¢
where & ‘ )
~ - TC
F o= 3T F
c c £=1 e P
s o T
FPewe— N F_ 3
. Nc o=l ©
_ thp o ‘0 ol
Fo © the t~ token of feature F in class c, '
TC = ﬁotal number of tokens in class c, and
v, = total number of classes.

As wi%%\be pointed out in Section 5.2.3, this F-ratio was enhanced,
introducing conext consideration (text dependenpy). The final feabure set

is based on the snhancement.

Tablerﬁéb is the figure of merit matrix giving the feature location
in the first column and the square root of the F-ratio expressed in percent in
the remaining 14 columns, for event numbers 20 to 33. Feature locations and

numbers are mapped on Table 5.1,
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FEATURE SUBSET SELECTION
Procedure

"The final phase of the feature selectiod task is that of selecting a
subset of the 162 candidate features for each phonetic event category.
tion for that phonetic event. The selection process employed is based on the

F-ratio derived in the feature evaluation phase and on the 162-dimensional

.

A ‘ .
" fegture correlation matrix. .

As in the feature evaluation phase,:each,phonetic event is treated
individually, and experiments are conducted on Data Base 1. The feature
subset selection endeavors-to’select the best subset of features for each
phonetic event category. This selection procedure is designed to sequentially
select a subset of features which have large F-ratios and, at the same tine,
are correlated less than a specified factor with all other features in the

subset.

The correlation matrix is derived on a context-free basis and is the

‘mean correlation matrix across the individual correlation mabrices for each

The correlation matrix is

.

'of ‘the 25 speakers represented in Data Base 1.

derived as follows:

where cij is the mean correlation coefficient between features i and j, and

Cg is the correlation coefficient for speaker k.

1 k Ak, ,k 4k
E{ (xi - %, ) (xj - xj )}

- %,9%)

k
Cij=

‘ [ (]

E{(x

where x? is the'ith feature of- the kth speaker, and

X K | :
g =B {xi} . |

% >
!
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The sub—
- set’ selected is the set of features used in ‘the distance measure computa— -
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The feature subset selection algorithm first selects the best
siﬁgle feature (based on the F-ratios), and then rules out all other
features as candidate features, which have correlation greater than T with
The threshold, T, is determined empirically. Of
the remaining candidate features, the second feature is selected as that

the selected feature.

having the greatest F-ratio.

Again, all remaining candidate features are :
eliminated as candidates if their correlation with the currently selected

feature exceeds T. This process continues until no candidete feature exists

Appendicies 5A and 5B define alternate procedures for
defining a feature space.

for consideration.

5.1.4.2

Parameter Derivation

The two parameters speci@ied are the correlation threshold and

the number of features to be emplofed. In order o determine these two

parameters, a sequence of experiments were conducted using three phonetic %
events. The events used are /i/, the best performing of the set, /o/, !
whose performance is about middle in the group, and /s/, with very poor
performance. P '

The parameters were determined sequentially, assuming independence
between the threshold and number of features. The performance criterion was
the SASIS operation characteristic, 80C, curve which measures interclass con-
fusion versus intraclasé accuracy based on the weighted Fuclidean distance
metric.

\

The first parameter to be determined was correlation threshold, T.
. Figures 5.2a '5.2b and 5.3 show SOC curves for the three events for T=30, LO,
50, 60, and 70, and with the best 18 features.
optimally with T=50 to 60.

Events appear to perform
A threshold of T-G0 was selected. The effect of
correlation undiscriminatory power is discussed in Appendix 5C.
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The nexb experiment conducted was to determine the number of 1702713300300 100 :3339330311 1592
features to be used in the distance measure. Again SOC curves were ; ' L-'r:Q“ﬁr. - —— S — v S
employed ond were based on weighted Buclidean distance. Figures 5.4, 5.5, riu,Ehfnfv“,%nig(!.mgg;éfi;-.“Mf_m;9§;mgu;;ﬁ.i;égfb;ﬂim;“w;g" : i
and 5.6 show results for the three phonetic events where several sets of ' ft ;Kj‘ ; N G e ? L - ' : ; : -
features and T=60 were used. The numbers of feature making up each set _ i‘f”fl *f““‘“‘”"‘”“'f““‘“‘?“““'f:-y~ﬁ~° TS S T S m:nb§uw . ;».m .
were determined by using the selected features with F-ratios greater than ?f e ) ; T i : : % - ‘z —
1.0, 0.7, 0.5, 0.3, and the highest ranked (according to F-ratio) 30 = { i::z;:;:; B ‘”f";“?‘fj :‘““ "T*jﬂ-?ﬁmr~J’WV=~:uwAuruuk %ﬁf? .
features. Performance, in general, improved as the number of features in- '§ E;m;;l“,iw. i : .3”}‘ S T ; : l f:.i : i ;
ercased up to 20. Above 20 performance appeared to vary only slightly. a % Ly BRI AR ik”? 1f"f"¥T“?”'f“f?]“fg““g
Phis is probably due to the low weights assigned to the last feature i in;;~m§g47“.. uwét-ili.,;mj, ~~~pu»nu.uwi;jﬂhﬁml T _i S
selected. Tt was also observed that performance did not deteriorate as Bl < i - : i ! : ' S AR A
the size of the feature base was incrensed. This observation, tends to é; éw-m-"g-é.u . 3;i-jffﬁ;?“?"_ﬂw;.““”ﬁ_;“mmqu;,i,~;”~,”.“uh.u-m.iﬁam‘I
verify the validity of the correlation selection and weighting procedure o ;b : ;. ! ‘ S e i N R [ ! : E
sn that contributions by additional features are appropriately weighted g f““'f e R NN\ T et Lm~n~yufeuéugfu%uumu%-%w_;“4“"§mj o
and decorrelated with existing feature information. g ; T - . ‘**ff“-"~}~-—€~mmnh; E,
) - P N . A SRS T O T
A feature set size of 30 was selected for subsequent processing. ‘ Nl : s
_ fmemon o s e .
5.1.14.3  Peature Sets Selected » ‘ ' [ oo ?"‘I ‘
Table 5.3 lists éhe features solected for all 1b phonetic event | ‘f?iifi:""f I D A R _ R oame e s
eategories from this first phase of feature extraction. Features are e S e ST e, ek
listed by feature numbers and are ranked 1 through 30. Only the top 30 : ! B B v ar® B nroaiSn g O 2 re R R R
selected features (with exception of event number 29, vhere only 29 were PI'errS;; kié% ﬁer aivision) :

selected) are shown in the table.

The feotures sclected are predominantly those which measure

energics or energy differentials in the second and third formant regions. .
Figure 5.4 SO0 curves for the event /i/ using inter-
feature correlation threshold of 60 and

The first forment regions are also represented in the low vowels, where
varying the number of features.

the first formant positions are high enough to pass through the communications
charmel. Other feabures are scattered throughout the sets; however, it appears
that the feature information is greatest in regions near these formant

positions.

%
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'TABLE 5.3
Features Selected for Individual Phonetic Events

Bvent No.

5.38.

96

Feature ’
Rank 20 21 22 23 24 25 26 27 286 29 30 3L .32 33 |
1 139 87 141 20 63 151 2 35 35 17 18 23 | 33 33 |
2 8 9 & 25 14 14 16 21 23 =20 19 34 155 35
3 4 20 20 155 153 17 153 151 115 15 143 20 130 1k f
b 33 3 53 9 35 20 20 20 17 35 24 152 128 60 iﬂ
> 127 Yy 25 14 24 93 87 17 67 19 1k8 17 22 31 ?
6 9 141 2128 21 94 3 21 18 20 151 34 30 134k 153 f
7 53 108 3 139 68 9% 67 57126 61 9 12 1k 8 %
8 o 1 1y W2 7T 9 15 9 uwk lr 3 12 26 129 i
12 62 16 z: 65 18 30 1h 11 142 12 35 14 29 18 i
. ii N W7 127 56 120 12 1sh 63 29 11k 12k 146 |
H 9 29 148 24 113 87 37 53 130 24 97 =21 |
12 .56 8 8 2b 11 128 129 33 30 2% 11 77 63 47 }
l? 35 10233 67 13 100 11 128 121 102 12 11 L5 56 ﬁ
A4 102 17 54 132 109 141 117 56 11 8 161 70 s H
15 120 123 5 150 1? 46 2k 131 L bl 126 37 20 26 ?
}6 Wk 33 35 33 134 4 35 111 52 8 54 3 13 %o %
ig' b 59 8 20 12 mbk L 12k 5 53 1 126 |
o lig 122 igz 13 17 131 33 24 1h 4 121 112 11k 131 ¥
126 26 133 55 Sk 26 7 100 8 11 L4 %
zi 5 64 14 6% 100 13 b 6L 62 110 1 26 6 112 §
o o | . 3 29 5% 3 .5 97 6 2 136 98 2 ﬁ
2k 100 150 100 Z 30 gr 8B a0 ro 8 1 h
25 62 iz a .2 T kT o33 98 107 122, 9 9 1
26 99 77 12 107 26 102 133 29 96 7 127 99 109 |
o S 92 b 137 115 29 3 137 99 6 98 110 24
5 % o 98 107 ;hl 9 12 97 6 115 99 105 32 102
o - o 6 97 37 120 35 26 12 102 32 111 130 10 B
30 . 5 99 108 Lk W8 W1 113 12 95 98 6k 95 135
3 9 32 k& 39 8 5 100 39 N/A 95 ko 7

Among the features selected, the LEC spectrgl estimates, -special

(out not necessarily those events ior

features sensitive to certain events
The

and spectral derivatives are most popular.

which selection was made ),
presented as vere the LEC,

TFT spectral measurenents were not as well re

probebly due to finer gradation of the LFC measurements.
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5.2 FEATURE EXTRACTION - PHASE II

5.2.1 Summary ,

A second phase of feature exbraction was undertaken. The
purpose of the taskjis to optimize the feature base on the training
portion (75 speskers) of Data Base II.

In order to carry out feabure optimization, tw; factors were
considered. TFirst, an effort has been applied to measure the standard
deviation of each feature's value across disjoint data bases. Second, a
nmeasure of consistency in performance of a single feature set across
several data bases was made. This latter factof resulted in a modification
of the F-ratio feature evaluation procedure. The modified F-ratio utilizes
a btext dependency constraint and has been determined to produce a more con-
sistently performing feature set across both data hases. |

As described in Section 5.1.1, the feature selection procedure

is partitioned into three phases, as follows:

1) Define a large set of features using a heuristic procedure.

2) Evaluate each feature on a first-order (without regard to
interfeature dependencies) basis and derive weights for
each feature. ;

3) Select a subset of features for each phonetic event category
using atsecond-order (interfeature correlation) selection
procedure.

The selection process is carried out for each phonetic event independently.
!
The resultant of this procedure is a unique set of 30 features
for each phonetic event along with a;welght for each feature.
In the first phase, feature definition, a set of 162 features
were defined based on DFFT special estimates and ratios, time-domain measure-
ments, and LPC-derived measurements. These features form a base from which

a subset for each phonetic event is selected and are defined in Table 5.1.

5.40

The next phase in the selection procedure is that of evaluating
each feature for each phonetic event: The evaluation procedure applies a

figure of merit to each feature independently.

The final phase, feature subset selection, seiécts a subset of
the 162 candidate features for each phonetic event. The selection procedure
is a sequential procedure which makes use of the features, ranked on the
basis of F-ratio, and the interfeature correlation coefficient. The selec-

tion process accepts the next feature which is

+ highest in F-ratio, and
* has a correlation coefficient no greater than .6

(empirically derived) with features already selected.

The selection process continues until either 30 features have been selected

or no candidate features remain, whichever occurs first.

5.2.2 Verifying Feature Statistics

A task was carried out to verify the feature selection task,
based on consistency of results when features are dextracted from two in-
[ I

dependent data bases.

5.2.2.1 Verification Based on Analysis of Selected Feature Sets

- A possible procedure for measuring the validity of the féature
selection procedure is to perform the same process on different data bases
and to compare resultant feature sets and their weights. The disadvantagé
of this approach is that the selection process is nonlinear in nature and is
sensitive to minor variationsg in variances and correlations. This is not to
imply that this sensitivity might produce an unacceptable feature set, but
that many equally valid feature subsets of 30 feabures exist for each phonetic
event. The 162 cendidate features have many subsets with high internal
correlations, one element of which might be selected with one data base and
another for a different data base. For these reasons, this verification

procedure was not used.
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5.2.2.2 Verification Besed on Analysis of Interclass and Intraclass

Standard Deviations

A more acceptable verification procedure is to evaluaté“the
fegtures 1nd1v1dually on several data bases and to compare their intraclass

and interclassgs stavdard deviations. For the purpose of this experiment and

subsequent experiments defined in this sectlon, the following deflnltlons
will be employed:

DBI - Data Base T

,DBITA - A randomly selected set of 75 speakers'frbm
Data Base II

DBIIB - A randomly selected set of 75 speakers of
Data Base II and disjoint from DBIIA
" An experiment was carried out in whlch DBI, DBITA, and DBIIB were
analyzed on the basis of interclass and 1ntraclass standard deviations.

These standard deviations are computed on a context free basis in the
following manner.

If T, is the joN

e token of feature F from speaker (class) c,
F =%
c ch ’
-
A Ay
F=E [F| , then
c cf
- A A2
Ointerclass = (g{ (Fc - F) })2 s and -
) A b
laiﬁtraclass = [g [? {(ch - FC)Z}]] 2,

The F-ratio, FR1, is defined as

FR1 = (Oghterclas)%/(ozhtraclass )2

ettt

o e 5 o T o i

Tables 5.4, 5.5, and 5.6 show the results of the analysis per-
formed on the first 46 features for the event /I/ from DBI, DBITA, and
DBIIB. This example is typical of other events and other features.

In these ﬁables, the first column refers to feature number ;
the second column is feature location and is not relevant to this explan-
ation; the third column is the intraclass standard deviation; the fourth,
the interclass standard deviation; the fourth, the interclass standard
deviation; the fifth, the F-ratio, FRL; and the last column is the feature
weight (/FRL x 100).

Comparison is based on standard deviatiohs, std, by measuring
the variation between the estimated statistics for the same featbures
across different data bases. If we define the interclass sample variance
as 72 and the intraclass sample variance as wz; then from Appendix 5D we

can estimate the standard deviation across features bebtween two data bases
as

| 2 2
std L 2 1
(Al N -
1 2 -

wz._ 0.)2
gtd 12 22 1
9+ 97 NE-1)8

where 8 is the number of speakers, and N is the number of tokens per speaker.

. Table 5.7 shows these values estimated from the data and the
theoretical values.
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The availability of g second

data base has made it possible
the effectiveness of ¥R

Jas an evaluation tool,
thus been introduced to compare with FRL.

to rate
A second Peratio, FRE, has

The new F-ratio uhilizes the text

FCTS is the feature value where .
C = speaker number f
T = triag number, and !
S =

token or the triad, in this case S =1or2

In Figure 5.7, the following definitions apply:

dCT = intra-triag, intra-class distance

D = intra-triad, inter-class (vetween C. ang o ) distance.
ClﬂgT 1 2

NOTE: Distences are measured on g one-dimensional basis and are,
therefore, the

s W€ magnitude of the difference in feature valueg.
The F-ratio, FR2, is thus defined as

2
e {p 2)
FR2 = ¢ ¢ m{clczT(

1523 /

B §. 2
toer )9

which may be computed as follows:

J ) 3
1 N5, ns oy (Fc 71 - Fo 1y «Gcrl-Fc,rz 2
¥, < ¥ L ¥ L L 2 2
FR2 = ‘71'“ )
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5.2.4 Fine® SASIS Features

' Appendix 5 lists the features, F-ratios (FR2), byte location,

1

and feature weights on a per phonetic event basis.

for eéch event are the final SASIS features.

5.52

The top 30 features

1

oS

The numerator and denominator of this expression are estimates of

interclass and intraclass variances averaged across triads and speakers.

¥
t

An experiment was conducted to determine the effectiveness of FRL
and FR2 in selectiné feature sets for the different phonetic events. The
purpose of this experiment was to determine the value of the F-ratios in
selecting a feature set and the ability of the F-ratios to derive a feature

set on one data base and perform well on a different daté base.

Tables 5.8 and 5.9 summarize the results of tﬁe experiments carried
out., Three separate feature sets were compared on a S0C curve basils using
DBI (Table 5.8) and DBITA (Table 5.9). The three feature sets arc defined as
follows: ‘

CASE 1 - Features derived from DBI using FR1,
CASE 2 - Features derived from DBITA using FR1, and
CASE 3 - Features derived from DBITA using FR2.

Comparison was carried out by ranking the performance of each feature set
(case) for each phonetic event separately. Ranking was subjectively based
on SOC curves. Table 5.8 indicates events /y/, /a/, and /a/ are missing, and

Tatle 5.9 has event /g/ missing due to technical problems in the experiment.

Though ad-hoc, this experihent provides insight into the average
ranking of the feature sets across two different data bases. Note that CASE 1,
whose features were deéigned on DBL, performed best Qn‘DBI but poorly on DBIIA.
Likewise, CASE 2 performed well on DBITA, but poorly on DBI. CASE 3 seemed to
perform consistently well on both 3ata bases. These results, though based on
limited analysis, are accepted as a verification of the text dependency
criterion. As a result, the resultant features are those derived using FR2

and DBITA. |

i J \
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TABLE 5.8 Relative feature ranking baéed on
f?r DBI and three feature saets

t

Event No. Case 1
! '

20 m 1
21 'n 1
23 1 2
24 I 3
25 € 1
28 ) 1
29 ¥ 3
30 u 1
31 A 2
32 3 2
33 2] 1
Avg. rank , 1.64

L ™

Case'2

WHHWHRMDD DN W

1.91

v——

"

SOC curves

Case 3

,NHNNNHLGHHNN

1.72

TABLE 5.9 Relative feature ranking based on SOC curves

for DBIIA and three feature sets

- Event No. Case 1

20
21
23
24
25
. 26
27.
28
29
30
31
32
33

0 WS>SeEe T oo mHE-3 8
NMWWWWWNDWNWR MW

Avg. rank 2.54
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5.3 STATISTICAL ANALYSIS OF FEATURE DATA

5.3.1 Feature Data Normelization

The features discussediabove represent different physical quantities.
Before being used in subsequent processing they are normalized by the following
procedure. The mean and standard deviation of each feature over all training
data is computed. The new feature values are then [ gﬁ « (£-T)] + 127
where Op in the standard deviation of feature f of meag f. That is, the
features are scaled to fit in the 256 levels available in an 8-bit byte. The

common mean is 127; the O and 256 values are set at 2¢&~

For Data Base 2, the reasonableness of this normalization was
examined by comparing the resulting means and standard deviations calculated
separately over the 75 speaker training and 118 speaker evaluation portion.
The percent differences are listed in Table 5-10 below. They are generally

small and the normalization procedure is reasonable.

5.3.2 Correlation Coefficients: Interutterance and Intertriadal

Here we present empirically determined estimates of inter-
utterance and inter-triad correlation cocefficients. As usual we inbtroduce

s | s
the state vector whose components are x for speaker s, phonetic event

setnf
e, btriad t, sample n, and feature f. The interutterance correlation co-
efficient Vi and the inter-triad correlation coefficient Yt are defined by

the equations

2 _ 2
(l) Cetr = Var(xsetnf) - E(Axsetnf)
- =2
(2) Yy = Oetr P¥gep1r Mgetor
a1 -l
(3) Yept T Tete Tet ' EAxsetlf AXset'lf’ t%t"

where

(&) a() = (+) - B() .
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Tt is understood that Vt and, Vit depend implicitly upon the indicies e and f.

These correlation coefficients, aside from having general inter~tt,

are important in the discriminant analysis for the case of multiple samples
and triads. ' : . '
Since Yy depends upon e, t, and f, it is unfeasible to list their

estimates for all values of these indicies. Instead we present averages of

these quantities on certain indicies and combinations of indices. The esti-

mates have been obtained from Data Base I using standard estimators.

In Tables 5-11 and 5-12, we present estimates of certain averages
of Yy, ond Vit for phqnetic event #20, a tipical case. In sub-table 5-1la we
give estimates of the triad average und standard deviation of 2 listed as
functions of the fenture £. InS5-llbon the cther hand, we precent the feature

average and standard deviation of Vt listed as functions of the triad t. In
Table 512 subtable 5-12a'gives estimates of the triad average and standard
" deviation of the inter-triad correlation coefficiens v

.y listed as functions
of the feature f.

In 5-12b, the feature average and standard deviation of
the sume quantity are listed as functions of the triad pair t and t', t#t'.

In Table 5-13 we present estimates of the inter-utterance and
inter-triad correlation coefficients Vg and Vg for all phonetic events.
Ibwever, for the sake of brevity, we present only grand averages of these

quantities, i.e., averages on both features and triads (actually, triad pairs

in the case of Vtt')' In Table 5-14, we present rank orderings of the grand

averages of vy, and'vtt,.

It is to be noted that tﬁe grand average of v ‘has a maximum
of 493 and a minimun of .357, corresponding to pnonetictevents 29 and 32,
respectively. The grand average of Y has a maximum‘of .3Gi ard a minimum
of' .193, corresponding to events 23 and 32, respectively. It is worthy of
note that event 20 is nét far from the middle of each rank ordering. The
ratios of grand averazes of v and V4o has a minimum of 1.16 and a maximum
of 2.20, corresponding to events 27 and 29, respectively.

5.98

TABLE 5-11

Estinates of the Inter-Utterance Correlation Co-
efficient vy, for Phonetic Event #20

Teature

No, ' AVG,
291 8. 8rx

SEg 0, £32
aad 5 A
250 a rié

279, @ Sl

. o5 B, £23
526 ~ 2, SRS
244G @, 473,
219 .. 2 44%
' 544 &, 535
R 245 8. 3¢4
D% a, 472
252 g, v

254 0. 351
2?72 0. 422
236 0, 445
i Si4 0. 942

KA N 424
261, 8. 232
c.oe2n B. 35
. Bi2 . 467

' 303 6. AL
- . 222 f. 228
e U] 7, 442
: 535 0, 437
. 245 -0 ay
~ ‘ 227 G, 295
. . 243 g 13¢
. £ 214 -0, BES
B L 229 C B 316

a) Avg. on triads .

. . TRIAD MO, - RvG
28 9, 427

54 g, 221

; 7 : fn, a?y

s st Bs T B, 38Y
.. 483 ¢ 8,522

R 14 6. 454
LT 189 8. 434
<.t Rig 8, Z22

L e 248 o, 425
- 233, G. ‘jc’-'?

b)
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X S

T d
. .

3

. E

Avg. on feavures
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Pstimates of the Inter-Triad Correlation Co-
efficient v, , for Phonetic Event #20

Peature
No.

aal

3
Ty e 2 >IN 0Y
Db e O DI DR

-y,
v

LA AP TN LA N N PY IR

92 b= D5y

ORI
Aot iR
NS

i
-
-

zzy

©
N

Y,

coReD
-~
I
}_—

sh]
5%
ey

oD
-
(54
brd

i3

237

314

£33

e

a3 .
yiud

i
177
naz

. 4v7
44

.arg

). 041

B, Yl

0 1189

DOCODIROCAIDCOTEH D!

Avp. on triads

5.100

STDEY .

0, 101
7186
B, 218
a, 12%
@ 157
Q. 173
Q. 427
0. 2a%
B, 232
cRRaish
8. 192
fozed
0, 224
0. 183
@ 129
Q. 445
B 239
M 133
3,435
o 450
8. 247
8 213
O R
8, 194
G 162
Q. 128

8, 94

@ 47S -

Q. 144
0. 211

P

e

£
LIS
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.

FEIMIPINIMOND
DrCI 030300

AYY
[xd XSy

DN YRRt St Bl Bt RS Sl A

WO CHIROYLOM NI I
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PEgE!
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463
137
4Ry

Lt 437
D Ry

185"

1483
219

2 219
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(i I EME)

TRIRD FAIR

252

127
129
219

249

253

1385
213
249
253
219
245

252

24%

293
2R3
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TABLE 5-12 (contd)

RYG

£, 254
B, 272
g 21s
Q. 254
o, 259
0, SE9
R ars
o, 28%
n o
AN )

8, 248

B, 268
8. 254
8. 223
9
B

.o

i
vk

1,
L

ox]
S EI LI PI TP QLI RILITIDI LI 3al £a2 2B 1 o 1Y
e Bt e B R R w R R ] N Y B I Wy T |
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@
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S

a

i
3, 383 .

0. 268

3,229

a 26g

Q. 253

8, 248

g, 24

B & Ry £

0 2
g, 246

B. _,;,f_;

R, 2%

B2
0, 335
A, 228
g, 254
9, 2%3
g, 472
a, 224
g, 232
: g~

b) Avg. on features

5.101

DOOTOIDOIRAICYRTOTTIIRDOAOCI IO0OOIN SOOI HD

X
13
0

n,

STDEV

oae
=X

el
)
St

]

. 2GE

et

A
. 203
%2
L2458

L2418

el dr

W R
‘262

248
191
453
247
a4



TABLE 5-13

Grond Averases of Inter-Utterange and
Inter~Irind Correlation Coefficients

e

TABLE 5-14

Rank Orderings of Grand Averages of Inter-Ubtersence
and Inter-Triad Correlations Ceefficients

Phrmetle Bvent Inter-Ubterance Inter-Iriad

A Vi
20 2k 'o.e87
21, 429 .333
a2 A5 271
23 4o, .361
wit A68 250
2y 455 258
26 .36, .309
ar 409 354
28 460 334
e 1493 224
30 il 291
34 423 296
i <357 193
33 359 287

i

%.1072

Phonetic .In%er4 Phonetic Inter-

_ Rank Event Utterance Event Triad
Vi, Vi
1 29 493 23 361
2 23 hor 27 - 354

3 2k 1468 28 .33k
b 28 460 21 .333
5 25 455 26 .309
6 30 NITAY 31 .296
7 21 Lhag 30 .291
8 20 42l 2l .290
9 31 423 33% 287
10 22 115 20 837
11 ar 109 22 271
12 26 .361 25 .258
13 33 359 29 .22l
b 32 357 32 .193

*Tie

5.103




6.0 MERGING:  RFDUCTION OF GYGITM COMP LﬁXITY WITHOUT I0SS
Ol GIGHIFICATT VHONETIC LEVENT

6.1 M Combinotosiul Problem

s diceucsed abeve 1 phonetic events have been labelled in the
various dote baoes.  Operationally, it is desirable to be sble to use the
pyotom 4f cuy cublet of Lthese do precent. Various noticas for extracting
ond ehasteringy the stabiotienl fwformation contained in the data bases were
coneeptud iy explored before the determination wzs made that the most reasonable
mnteh, to both the Lorencie application of SASIS and the schedule of data
avallobilidy, was to tobulate the performance for all possible subsets. Table 6-1
glves the dotadied neebers for the combing.Sorial problem for the range of interest
o DASTO,  Dart 2 of the table illustrotes the reduction which is achieved by
either peduojmee the neeher of phonctic events (column 1) or by restricting the
Cyobuie Lo Lo owsed Dure T oor wore events of the ¥ availeble. Determination of
an I for oy rerticulor W ois not reasconable bofore both further operational
plivnbion cecunrios aed the statictical sipgniticance ol the results are obtained.
Conslderstion of dive clorage and teble computotional time sugeests a set of
10 events yielding 1003 scubsets os o reasonable tabulation goal. The sections
bedow dever it the atalysds earried out to determine if this is indeed o rea-
gouable ool vy, 1L so, specifically how 4t can be attained without discarding
any weetnt pbvaetie events, The “olution wresented is to discard one phenetic
event and Yo opeere 3 padrs of evoutu. This merging process enables the system
Lo retain Lo Infemention in these phonetic events but 4o suppress their effect

®
]

on the eixladintorial explosion.  The pairs ere chosen to minimize the degradation
In peeforsunee, and, os shown belor, the degrodation which does result is very
pwill, e disensoion below Lirst outlines eriteria for selecting & pairs of

the erlzin? M events Lo be nerged, prosents argaments for discarding one event,
defines 1o crecitie experdsents performed, and presents tha results for the

o ot ools off three palrs of ovents.

The wualysic of seetion 6.8 below was earried out on Datn Base I; the
Finn? resoiva of sceetion 6.4 wore obinined on the 75 speaker tralnlnr portion

of Dada Yoo 17
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o - : : : 6.2 Criteria for Determining Merge Candidates
~ : ( ; L ; SO
H ) ?' . ‘ Y .
' M . . 54 ’ : . ¥ The decision to use a table look up precedure on combinations of
Ty wun PR .
- wE = : . . . . . .
- ! , = ‘ : 1'or more events has necessitated a reduction in the 14 basic events. Experi-
= ; i mental results have indicated that the dimensionality is less than 1%, so
Ly
é—_":' R HNm the effort appears reasonable. The basic assumption for the analysis below
i~ O .
- ' g is that it is desirable to merge 4 pairs of events. Since this may be done
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LM 3 ways, no attempt at an optimal solution is made. Rather, several forms of
o e — . . N . .
- , ' "‘ o o "reasonableness" criteria are used to obtain candidates for merge. Approxi-
IATT P 0y '
RORN S DNl A AR TS A Y o+ B . 5 . .
'-‘3‘:_{3": “'“y"?’u'ﬂ.‘."-‘i?,"'i" © < ' ® : - mately 20 sets of candidates are obtained by this procedure. The choice
N -~ jul . . . . . ' .
o ! Lj /:.:—: I among them is made by comparing the resulting statietirs; as described more
£~ - { ‘ = 2 o ' : ‘
U O gy | S—— & fully below. o :
4 Mu:‘: ORI ﬁc.jg;::- egm N | \\& *f = 0 ,‘\ ; .
P o i . LGNy S\ N ! )
bt | IR DT i a . . . .
i I " s } ‘8%3 The most likely phonetic confusion pairs are shown in Table 6-2.
o e o o ' < 8 o The grouping represents subjective Jjudgments based on similerity in terms
. . A W S D e . . v [
CoF G0 ] 1 g g ! (0 T - ~ - 42 ’ 3 . . .
CaRENT 5 ,'\-«:' SEEME \a \) e of the SASIS display and in ‘terms of the vowel quadrangle. These conjectured
i1 . AR RO & .
- - R z g9 * confusion pairs are shown linked on Taeble 6-3, which presents the SOC and
’ ' H o R . . . . s s
. 9] S a0 oy iy o . 3 + F-ratio® rank ordered events. The intent is to examine which phonetically
R U LGy o MG T 4 = ! ‘ ‘
) ~ ) S N RPN é’“‘* ¢ . similar pairs are also similar with respect teo the stabistics represented
’ ' ~ M v o .
’ ! ; by the SOC and F-ratio measures. Table 6-4 tabulates subjective evaluation
4~ ' S ‘ ) . . . c
. . M- PR o D Y 0 8 00 4 e o o ~ ; of the confusion pairs based on a SOC F-ratio measure which is the number
o 0 0 e B ARV ik e AN N i .
IR 8 ~ - N [ NO . I of intervening events between a candidate pair on the S0C and F-ratio rank
3 - U i
. = . v I . ' - . . .
oo dn : g 1 orderings. Only the (30,29) or i/ - /u/ pair receives a good rating.
. . H’If‘@l:l 1 Ly LS T e e . ; ‘
g = Cud vy uL'.::‘-g:.’:: }'x‘- & :Jf: i "'*“-"‘f,"-"! 0T A o P & | + icient
- s NG TR HE ¥ | Tables 6-5 and 6-6 show the correlation coefficients computed on
. N - SR RCREE) IR ] . .
" ) . g o A i the intra and interspeaker data, respectively, from Data Base I using an
B x; ' . I
"N \“M‘QCU‘J L £ o . . * . . ) . - 0] ‘ 0y R . S 3
v, o 6 S e wmel ey S 0 i : : edited weighted Buclidean metric Event peirs wi.™ correlation coefficilents
Y el - = O U o) v ) '; AF] . . . .
T . ) 0y ir.fEE ':J'.—.' ] ™ greater than or equal to 0.50 are circled. The intra case is plotted in
‘ AR SNR VY]
e - Table 6-5¢ together with the average correlation per event. The phonetic
S NI @ v . . .
e O e o e PR e 1 g e confusion pairs are circled.
ol 70 bk ST O ey vy 21D Q '
o e . l ol o i !:: :_‘\ 5':: .Tt 5.-' “ay ]
' T ' * . X . .
i As defined in the discussion on distance measure.
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‘ ) o ~ TABLE 6-2

Phonetic Confusion Groups

Phonetic Confusion Pairs

TARLE 6-3

/x/
/&
/a/
/a/
/o]
e/
Ju/
/A
32 /3/
33 rl

6.4

HG

EE

EH

AH

AW

=

g

g

SW

6.5

Uy




, TABLE 6-5h
Events Ordered by Avg. Corr.
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TABLE 6-5a
- : Tntraspesker Correlation Coefficlents
, (From Data Base 1 using the eédited
weighted Euclidean metric)

L O 2R 25 2 27 <8 29 0 a2 f 32 33 ﬁgg Ave  Evesr.
20 108 38 a, 8. 58 & 2a 8. 24 2. 35 Q.85 ~& 24 %05 . 24 20
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A number of tables have been constructed based on these statistics
for the purpose of producing interpretations sumtable for defining cvc,nt merge

candidates. Table 6-5b shows the events rank ordered by the average 1nter o

. event correlation coefficients derived from the intraspeaker data. Tehle 6»{ S

shows the correlation rank ordered event pairs having intraspeéker correlations
e 20.50. Table 6-8 is a 14x1lh event matrix showing those event pairs having
high intra and interspeaker correlations. The marginal tabulation gives the
s nunber of high correlations per event for the intraspeaker and interspeaker
cases. Table 6-9 presents a rating of the phonetic confusion pairs based on
2 [‘;j;;‘,::u’k}:%:&:{,“::’j'*’lfi ' . the intraspeaker and interspeaker correlations.
_3 oo s s D
2 Table 6-10 shows the 14 events rank ordered from most favorable
§§ e JREFE ‘:-:O 1E for merging to least favorable for merging, based on the third colum of the
'§§E§ " 'SuJDE = ) marginal tabulation in Table 6-8 (the total number of high correlations).
: 8 4'%?: WAL L | The phonetic confusion pairs and the subjective evaluations from Tables 6-L and
: \» !§ uo% * ggggigz 6-9 are also shown. Table 6-11 lists the nine event pairs from Table 6-8
0 \: ;&g : O which had high correlation for both the intra and the interspeaker data. The
Eg gﬂ § o SRR . . . 1 event pailrs are rank ordered on the sum of the intra and interspeaker corre-
A3 %:ﬁ ) A T A ' lations. The evenbs themselves are then grouped as shown and rank ordered
"g‘z a o using a figure of merit based on the event pair rank ordering (this is essen-
8j§f§ ¢ ' tially equivalent to rank ordering the events based on the average correlation
s g g E% for the intra and interspeaker data, as shown). Table 6-12 presents a
;g:gﬁg % 'comparispn of the event rank orderings from Tables 6-10 and 6-11. The corres-

pondencé}is quite good, indicating the reasonableness of this procedure for
evaluation of the "mergesbleness" of the events. Table 6-11b indicates which
events to merge. Table 6-13 shows nine sets of events, seven of which are
unique,fchosen from the structure of Table 6-11. TFor the first group, the

event péir ranking most likely to be reasonable mergeable was selected first

from Table 6-1la, then the next ranked event pair for which both events were
available was éelected. This process is continuved until either the events

are exhausted or 4 pairs are selected. For the second group the initial event
pair chosen is that ranked 2nd in Table 6-1la; the rest of the pairs are chosen
as above. The event groupings of Table 6-13 result. Where the list is incomplete

8 reasonable final event palr was chosen hased on a subjective inclusion of
previous results.

6.10
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TABLE 6-8

Matrix representation of event pairs having
hish intreaspeaker correintion o and

Bieh inberepealor coppotntion O

No. of
high
intra
corr.,

e " - —— o 2]
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 TABLE 6-9 |
Rating of the phonetic confusion
pairs based on intra and inter-
speaker correlations. ‘

Phonetic ° . |
Confusion Rating Intra Inter
Pairs Corr. Corr.
(30 Fair/poor @ .50, Ao
29 '

ol

(23 Fair 6 .26, .57

for . Fair (:) .27, .57
| 2 . (:22 o
i - {28 N Good .61, . ‘35
: (26
27 Good ' .65, 78
(&
Kgy:

. High corr. inter
. . and- intra = Good

L] Q:) .

or = Tair

not
hi corr = Poor

-

6.13

"Worst Event"

' PABIE 6-10 .

Order of events by total # of

correletions (intra & inter) = .50

(most correlated)

SOC:
Corr:

S0C:
Corr:

SOC:
Corr:

SOC:

Corr:

SO
Cory:

"Best
least

fair
good,

poor
fair

poor
good

fair - (2]
faiz"’r\\~m~--‘€*

2z
good ./"“\,/"""‘
fair-poor (55

fvent's
correlated

6.1

#

Intra Inter

6.5
5.5
5.4
h.5
2,6
k,3
h,1

3,1

0,2

0,2

. 0,2

2,0

0,0

most favorable
candidate for
merge




TABLE G-1le.

@ g-Event Pairs with High Corr PN | TABLE 6-110 (Cont)
. inter & intra (from Table VII) . 6
Intra Inter - Rémggg |
- 2l-25 61, . 7h 1.35 L * ’
25-27 65, .78 1.43 2 t '
, These 7 events
* 26-28 61, .55 1.16 7 -
2738 B4, .6k 1,28 5 renked: 1oy o hi
24-29 .56, .50 1.G& 8 | \ best merge
- candi-date
27-29 .50, .50 1.00 9 “
- 25-31 .51, .73 1.24 6
2731 78, . ) Jest perce §
73 0, T .35 W eanaidate | R
28-31 .71, .69 1.h0 3 31 3% 67
i
o7 | M| .65
28 |5 6k
|
2 | 6 .60
| 26 7| .58
29 8% .51
|
%
6,15 . . 6.16




. TABLE 6-12 ‘ '

i S WA A LR
i 7 i T s

(‘ i ; : Comparison of Rank Orderings from ("‘
. o v Tables IX and X ‘
. ‘ ‘ » ‘ , )
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inter ' corr. Both
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! ol "
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The process described above for the 9 event pairs having high
intre and interspeaker correlatlons is repeated fbr the nine event. pairs
for which the intra correlation but not the inter correlaﬁion ié high, @nd
for the 10 event pairs for which the intercorrelation but not the intra-
correlation is high. Tables 6-14 and 6-15 repeat the form of Table 6~11
for these two cases. Tebles 6-16 and 6-1T7 list the selected séﬁgffrbm
Tebles G-14 and 6-15. B

Table 6-18 presents 3 sets of 4 event palrs chosen from the phonetic
confusion pairs conjectured above,

Tables 6-13, 6-16, 6-17, and 6-18 present 20 sets of I event pairs
each as candidates for merging, chosen with the aid of the criteria dis-

cussed gbove.

6.3 Definition of a Specific Set of Experiments o
6.3.1 Relative Frequency of Phonetic Events

Table 6-19 presents the relative frequency of occcurrence of the
SASIS phonetic events, based on the data of Denes and Dewey. These data
have been extracted Lo prevent the possible merging of two phonetic events,
each of which have a very high percentage of occurrence, If this were to
- occur the resultant event class would be too large a fraction of the total
and the results of SASIS would be excessively sensitive to the presence of
this event class.

Table 6-19 shows that the results of Denes on English spoken in the Received
Pronunciation (a dizlect of Southern England) and Dewey on written General
American English are surprisingly similar (except for event 25:/a/) despite

the rather extreme differences in the detaills of their respective data.

Only the merge of the unlikely pair of events /N/-/I/ based on Denes or

any of /u/-I/, /u/-/af [1/-/a/ would create an event class which represents too

large a fraction of speech. Accordingly, these are avoided bhelow,

6.19

e e e o e R S5 AT

b g S

(a)

(c)

Nine Event Pairs with High Intra and

TABLE G-1L

Low Interspeaker Correlations

Event Pairs!

23-31
25-29 |
26-27
26-31
26-32
28-30

- 28-32
29-30
31-32

25 30 28 29
N\ /7 Je\ /
29

30

~1

" Rank ordered events

Intra Inter
Corr. Corr.
.60, 45
.71, A7
.52, Lk
.67, 45
273, .00(!)
.50, .28
.72, .33
.50, RiYe}
.68, .33

Event

25
31

u23

29
26
27
32

28

30

oo O anF w

~1

R

6.20

&
1.05
1.18

.96
1.12

’73 ¢
.78,

1.05
.90
1.01°

‘Rank

Ul -3 000 D GV W
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TABLE 6-~15

Ten Event Pairs with High Inter and

Bvent Pairs

20-21
20-22
21-22
23-24
23-25
2h-27
2h-31
2h-32
25-28
29-31

" Low Intraspeaker Correlations’

Intrd Inter
Corr. Corr.
.26, .58
.38, .58
27, ST
.26, 57
.29, 50
b5, .64
'31’ o6}+
<39, .51
18, .53
.20, .56

{C) Rank Ordered Events

Fvent

27
28
32
24
20
22
25
21
31

23
23

Score

6.21

1A AT o W

GO —3 -3
PV~ N

n =

iV

=t
O

=.

Rank

08)4'
.96
.81"
.83
.79
1.09
.95
1.00
1.01
.76
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ABIE 6-16

Sets of Events Pairs for Merging

Based on Table XIIT

¥

Selection of

28-32
26-27

26-27
= 29-30

*¥%¥21-22

31-23

° 29-30
23-31

23-31
28-32
26-27
s 29.30

26-31
28-32
¢ 29-30
#%03-24

25-29
26-31
28-32
*%21 .22

*
(the 6 %o 9 initielization is not pursued)

6.22

phonetic confusion pair

-3

,‘¥*' phonetic confusion pair added to obtain a set of 4 event pairs




| TABIE 6-17

* .
. Selection of Sets of Event Pairs for Merging
: Based on Table XIV

1 2 3 L 5
ol.27 25-28 . ol-32 20-22 ol-31
. T 25-28 o - 2h-32 20-22 2k-31 20~21
- 20-22 20-22 23-25 23-25 23-25
29-31 29-31 ' 29-31 *%06-28 ¥¥26-28
, " , ' -
o LT Phonetic confusion pair added to obtain L event pairs:
N "
I : ;

(the 6 %o 10 initialization i1s not pursued)

vt e g R AT A

TABLE 6-18

Selection of 3 Sets of Event Pairs from the
_Phonetic Confusion Conjectured Pairs

1 2 3
29-30 . pl-p2 . o122
o 26-28 23-2l 25-27
) 25-27" 05.27 26-28

23-2k 26-28 29-30
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ol
25
*26
*XOT
28
29
30
31

32,

33

fu/

/n/
[/
/i/
/1/
/€
fa/
/a/
/2/
s/
/v/
/n/
/3

[/

Relatp'.ve++
Phonetic
Dénesf ) P_em
3.2800 . 2.78
7.0849 T.2h
1.2436 .G6
1.7878 2.12
8.2537 8.53
2.8126 3olk
2.3085 .~ 3.30
1,5261 3.58
1.2007 1.26
.T672 .69
l.kooo 1.60
1.6701 2.33
6661 -
9.04k5 -

1
[

TABLE 6-19

Frequency of Occurrence of the

Events of SASIS (expressed in %)

+ & ,3% at 994 confidence level.

Stressed

3,80
Toh2,
.75
1.78"
3,11
1,79
- 3.78
2.73
1.89

Lolth
2,80
»83
Ok

*++ Relative to the data base of the two authors quoted.

¥ 26=a: + O of Denes; O + @ of Dewey.

*¥% a + ae of Dewey.

1

!

Denes

Unstressed
2.89
6.82
1.62
.79

12.23
1.29
1.18

16.01

e et e AN T St

6.3.2 Discard of Event 33:/9/ (the)

Tvent 33 has been eliminated from further consideration for the

following reasons: '

l)‘ If the data of the first and second sessions of Data Base IT is tabu-
lated to yileld ‘the number of appropriste triad pairs available per
speaker c¢omparision per efent, the result is a set of nunbers between
0 and 9. An approximate tabulation is given in Table 6-20. Event 33
is the single event with the least number of tokens available.

2) Event 33 is not well represented in the Data Base (lebeled only in "the").

3) As shown in Table 6-19, although /e/ occurs with a total relative
frrequency of over 9%, this is actually a lopsided average of over 16%
unstressed and 0.04% stressed. Its wnstressed, aperiodic structure
makes 1t difficult to label and, as implied by (1) above, it frequently

is unlabelable.

4) As a frequently occurring unstressed neutral, it is very likely to
result in confusions with many other unstressed evénts, resulting in

a large variation in performance.
Hence, for the purposes cf SASIS, there are 13 phonetic evenbs considercd.

6.3.3 Rules for Merge Experiments

The following rules for conducting the merge experiments were used:
1) IGNORE event 33 so there are only 13 events.
2) The following merge sets are to be considered for a 13 - 10 merge:

‘ 0] ®@ ©) NG
Phonetic  /25-26\ /25-26\ /25.26 e£?22 aégga
Confusion {27-28 27-.28 27-28 23.24 23204
Pairs: 29.-30 21-22 232k 29..30 29.30

High Intra 3f%%6 25§§5 3f§%8 o252k 23@%%
& Inter 25-2k | | 3128 (25-2k <28-aé 51-25
Corr 28-27/ \29-24 29-26/ \27-31/ \2g9-2hk

T S s e M S el b G e b nE B e Bwe e e e e foss

6.26




Q Ry
Q i
I8
T igh Intra /25-29\ /27-31\ /23-31\ /28-32\ /31.32 :
™ ; Low Inter |(27-31 28.32 28-32 27-2 27-26 7
) I | Corr 28-32/ \29-30/ \27.26/ \29-30/ \29.30 |
' { . . . ,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>