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In recent years, speaker identification through the use of vOiceprints 

has been an important and much publicized source of evide~ce in investigative 

activities and in criminal court proceedings. Speaker identification 

techniques currently in use are hampered by time consuming, manilal 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 drm-rbacks, 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 Rosarch 

Division (ERD) of Rocbrell International, ''las a 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 metho}as. 

In particular, the specialized speech research laboratory facilities of ERD's 

Information Sciences Group ,'rere used to acquire and process a data base of over 

6,000 specially designed sentences, recorded over a telephone channel from 254 

speru~ers, yielding oyer 35,000 usable phonetic segments. 

The spealcer comparison system 'i'lhich resulted from these analytical studies 

operates in the f~llowing sequence of steps: 

i 

1. Input of the analog speech recording into dj.gi tal computer memory. 

2. Display of the speech by the computer on a video screen. 

3. Operator 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. 

4. Computation by the computer of thirty measurements, called 1ffeatures," 

on each phoneme labeled by the operator., 

5. Repeat of. steps 1 to 4 on the other speech sample to be compared. 

6. Computer computation of numerical"distances" beti'!cen corresponding 

phonemes of the tI'lO speech samples, consisting of weighted com

binations of-the features from step 4. 

7. Computer averaging of distances by phoneme type, and merging of the 

thirteen types down to ten. 

8. computer combj,nation of the merged average distances into a single 

number called the "similarity measure." 

9. Translation of the similarity meastITe into a probability that the 

speakers are the same or different. The relationship bebreen the 

computed similarity measure and the likelihood of a speru~er match 

or mismatch ,,,as obtained by performing steps 1 through 8 on a large 

fraction of the speech recordings mentioned above, and tabulating 

the results. 

ii 
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The problems which had to be solved, and the tasks i1hich had to be carried 

out in the SASIS Analytical Studies included: 

1. 

2. 

4. 

5. 

6. 

8. 

I 

• 

Design of pponetically and statistically valid speech data bases 

and recording procedures. 

Recruitment, scr~ening, scheduling, and recordi~g of OVRr 250 

speakers. 

Processing of the data bases to examine, analyze, label, extract, 

and catalog over 35,000 phonetic tokens. 

Research on the effects of coartJ..'culat~on a1 ~ ,on spe (er comparison. 

Development of a large set (162) of candidate feature measurements 
( 

and refining of that set dOlm to the thirty best features for each 

phonetic type. 

Research on the effects on sneaker comparJ..·son of th ~ J.~ e c.lannel over 

which the speech is transmitted and the acoustJ..' c surroundings at 

the speaker location. 

Development of optimum techniques for combining features into 

distan~e measu;res, and distance measures into sim'Uari ty measures. 

DG!velopment of statisticaLly valJ..'d t sys em performance testing 

Moreover~ the research and development activities listed above had to 

be carried out in such ~ manner that :the techniques "(-(hich i'lere developed .. , 

could be easily transferred from ERn's large h researc computer to an inexpensive 

minicomputer system ,'Iithout losing anything in the process . 

iii 
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The report v7hich follOlvsdescribes how the analytical stUdies tasks 

were developed, including some approaches vn1ich were not successful and 

some recommendations for 'further work. That the results were, on the 1'1hole, 

highly successful is due not only to the intelligence and perserverence of 

the SASIS team, consisting of Dr. James Paul, Dr. Arthur RabinovTitz, 

Dr,. John Riganati, Dr. John Richardson, Ms. Marilyn Kimura, Ms. Hari1yn 

Griffith, and Mr. Gerald Kephart, but also to the continued support and 

encouragement of the Aerospace Corporation staff who acted in the capacity 

of the program managers for LEAA, and to the management of the Electronics 

Research Division of Roc~1e11 International. 

R. J. Rennick 
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I. INTRODUCTION 

1.1 OBJECTIVES 

The objective of the Semi-Automatic Speaker Identification System 

(SASIS) developm~nt program was to design, fabricate, and deliver a prototype 

computer-~ided speaker identification system. The system is designed to 

analyze, paraineterize and compare selected samples of criminal and suspect 

utterances. From this comparison, a similarity measure bet'\.;een these 

uttera.l1ces may be derived and probability measures may be produced indicating 

whether the utterances ,.;ere made by the same or different speru~ers. 

This report describes the technical stUdies which were c~rried out 

to develop the techniques used in the SASIS prototype system. The objbctive 

of this research and development effort, hereafter referred to as theSASIS 

"analytical studies," yTaS to develop speal~er identification techniques which 

i would be accurate, reliable, repeatable, efficient, and objective. Moreover, 

these techniques must also be cost-effective, in the sense .Jf being capable 

of implementation in an inexpensive set of equipment, such as a minicomputer 

\ system. Furthermore, the techniques must be simple, in the sense of being 

capable of operation by a forensic tecllllician who, although skilled in the 

use·of the system as he is in the use of 'other modern forensic equipment, is 

not an expert or an academician in the fields of linguistics or phonetic 

acoustics, nor in the fields of electronics or.computer science. 

1.2 BACKGROUND 

Research leading to the conception of the SASIS can be divided 

into ~vo broad categories, one treating manual spectrographic comparison 
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(voiceprint) techniques and the other treating automatic or semi-automatic 

computer-assis'ced spealcer identification techniques. 

It is generally aClmOl.,ledged tbat voice spectrograms contain 
; 
/ , 

significant information about spea1ce,r identity. The spectrographic com-, 

parison method bas been u~ed extensively in forensic applications (People 

vs. Law, 197~') but has beell recently under increasing cri ~icism from the 

linguistic community (Papcun, et al, 1973; Poza, 197!~). The primary de-

ficiencies in the voiceprint technique are subjectivity on the part of the 

voiceprint exam.iner, and lack of continuous training of the examiner's 

discriminant ability. 

The voiceprint research bas contributed to the conception of the 

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

e, introducing the concep'c of VOice identification to the investi8a.tive and 

forensic application areas. The methodology of voiceprint comparison is 

« e 

poorly documented in tIle published literature, but basically attempts to 

match relevant areas of corresponcl.ing spectrogra11ls for an identification 

decision. This method ~iffers Significantly from the SASIS in that it 

relies primarily upon the dynami~ properties of the spectrum, 'fhereas the 

SASIS approach analyzes steady-state segments of phonetic events. 

I 

The computer~ass1sted approach to spealcer identification has 

also been investigated, ;and a number pf systems have bee~ proposed (Hecker, 

1971, Holmgren, 1966). 
, 

!-fost techniques developed prior to SASIS have 

attempted to be completely automatic, based on digital spectrographic com-
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Ie 

parison of samples of speech from groups of spealcers. Typically, such 

systems require the spealcers to say a sequence of specified 'fords, which 

are automatically segmented and compared using Fourier, LIe, or rulalog 

filter measurements. Such automatic segmentation tecbniques are not yet 

advanced to the state Ivhere these systems can deal "l'Ti th the kind of un-

constrained speech found in criminal utterances. Tberefore, tbe empbasis 

by the laif enforcement community has been on techniques such as SASIS "l'lhich 

uses the best and most dependable capabilities of both the human operator 

and the computer. 

Two prior studies were sponsored by the Laiv Enforcement 

Assistance Administration (LEAA) under Title I, Omnibus Crime Control and 

Safe streets Act of 1963, and relate directly to applications of computer-

assisted speaker recognition to law enforcement. Tbese studies ,',ere carried 

out by Stanford Research Institute (SRI) and Texas Instrmnents (TI). 

The SRI semi-automatic speaker recognition study (Beclcer et al, 

1972) 'vas the pilot study on ivhich the SASIS architecture is primarily based. 

VO"I'rel events 'were labeled on an interactive graphics terminal displaying the 

time-squared series of the time-domain speech signal. These events were 

specified using this time-energy information along ,vi th audio playback, and 

an expanded time series was displayed fro~ which four pitch periods of the 

steady-state portion of the vovrel "rere mrumally segmented. 

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

ment, the second with five talkers for fur'cher algorithm development, and the 
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third with 100 talkers for system evaluation. The sent~nce material w'as 

designed around the six vowels /i/, /u/, /0/, /X/, /Q/, and /re/. These 

vowels 1'1ere constrained to be surrounded by unvoiced stops to reduce co-

articulation and labeling complexity. 

The labeled vOlvel segments vrere parameteri7..ed using LFC 

Rpectral analysis,and individual spectral vectomfor the six phonetic 

events from each spe::..ker l-rere concatenated to form an overall feature 

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

The first experiment attempted to compare a formant-oriented 

computer-assisted identification approach vith the voiceprint approach, 

buL Y!'ublems with labeling dynamic events and truncation for time-normali-

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

i the tHO approaches. 

Two other experiments served to evaluate four distance measures, 

the uniformly-veighted Euclidean, the l/cr. t 1 l"eighted Euclidean, F-
~n rac ass 

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

classifier. 

The first of these tlvO 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; hOi"ever, the statistics for 

these ,,,ere derived from the testing data. The l/cr classifier follOlved vTith 

the uniform-weighted measure having 10'l'Test performance. Vlhen exposed to a 

\ 

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/ 
j 

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

The final experiment involved the third, lOO-speaker data base. 

The six vOivels, each parameterized into a 6l~ spectral estimates from a 64-

coefficient LFC, were cancatenated into 384-dimensional feature vectors. 

The first 50 speakers, Group A, were used for training (computing ,,,eights), 

and the second 50, Group B, were used for testing. Classification per-

forLlance for each distance measure Ivas evaluated and ranlced; 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 vas 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 could 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 spealcer identification study under the LEAA Grant 'l'laS 
I ' ' 

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 base previously acquired from over 

200 male and female speakers. The spoken data consist of six isolated w·ords 

recorded once a ,'leek for nine consecutive ,.,eeks. PhonetiC events 1:1ere auto-

matically segmented ami spectrally analyzed over 32- and 64-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 eA~eri~ 

ments, two ,.,ere diphtho!l§S foul and /eI/ and have poorly defined steady-state 

regions, especially as might be estimated auLumatically. Furthermore> the 

64 msec spectral ,vindOl'TS spanned dynanric regions in a majority of t.hese 

diphth~ cases. 
i ! 

The remaining events are /n/, Iii, and /a/. A sixth event, /1/, 

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 iveighting 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 umTeighted Euclidean 

distance nearest-neighbor procedure. A distance threshold ivas introduced 

1.6 

later to explore effects of open and closed sampling ca~es. It was shown 

that female and male speakers had about the same intra- and inter-class 

distance distributions, and that l.,hen decisions ,.,ere forced, performance 

was very similar. 

It was also shoivn that significant improvement could be achieved 

when the speaker referent was selected as an average of several utterances 

rather than as a sil1~le utterance. 

It i'faS predicted that continual increase in the number of phonetic 

events ... Tould continue to improve performance; h~.,ever, 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 nn.ture carried out in a more con-

trolled fashion are discussed 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 

developments is shoym in Figure 1-1. 

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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FIGURE 1-1. TASK ORGANIZATION OF ANALYTICAL STUDIES 
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Section 2.0 is concerned with designina and acquiring tl~ee data 

bases. Data Base I is the developmental data base and consists of 25 male 

speakers speaking 20 sen'cences on two occasions. Data Base II is used for-

system op'bimization and evaluation and consists of 232 male speakers speaking 

10 sentences on two occasions. Data Base III is used for system testing and 

is composed of 50 male speakers speaJ~ing 10 s0~tences over a telephone nett.,ork. 

The tasks covered in this sectj.on include 

initial sentence design, 

record Data Base I, 

• phoneme analysis, 

• design final data bases, and 

record data bases II and III. 

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

interactive phonetic ~vent labeling and segmentation are discussed in 

Section 3. 0. This section op.tlines the soft'l.,are and procedures used in con-

verting th~ audio data bases jnto digital form, and extracting from them a 

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 

• interacti ve labeling softi.,are, 

• correlation inventory, 

edit and label Data Base I, 

-edit and label Data Base II, and 

• sound discrimination study. 
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8eo ... 1on 4.0 is cOl1cerned "ri th phoneme and coarticulation analysis. 

The results of this study are based on analyzi.ng Data Base I and were used in 

designing Data Base II and III. Based on these studies, 14 phonetic events 

(later reduced to 13) ,.,ere selected for con:parison ill the SASIS, and a set of 

second-formant (hubs) contexts ,,,ere specified to span the range of contextual 

effects. 

Feature extraction involving defining, evaluating!! and selecting 

a set C)f features for each phonetic event independently. FeatUres included 

are LPC-bascd 1 Fo~ricr-based, time-domain-based, and a special set of 

functions, The process of specifying the features vas carried out in tHO 

phases. The first phase defined the procedure ano a set of features based on 

Data Base I, and the second phase ''lere Ol1e of ('j:ltilnization. Optimi!3ation \oTaS 

carried out on Da'ba Base II, and a final set of 30 features for ee.ch phonetic 

event was defined. These tasks are discussed in Section 5.0 

In order to reduce system compleXity, it became necessary to 

'decrease the nmnber of inputs to the similarity measure. Section 6.0 

discusses the process of rt:ducing the number of allmvable phonetic types 

from 14 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 and 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 meastu'e 

d 't,1, h discriminant based on the individtw.l procedure forms a desen~iti3e J.1lSC er 

, bl The similo.:t'ity measure, S, is the phonetic distances as .input va:t'la es. 
I 

f th d ' ·...,..;n'"nt function A total of 1023 different combino.tions value 0 . e lSCrlLU..J.. v, • 

t ""vents "''''e possible, and a unique set of Fischel' of the 10 merged phone ic '" t;I..1. 

coefficients were computed for each combination. 

The evaluation of the SASIS performance, including the production 

of 1023 :tnter-spea1~er and intra-speaker probabili"by tables from which to 

interpret the similar:5.ty ffieasure, S, is treated in Section 8.0. 

Section 9.0 discusses the results of the channel equalization 

study and sum.tJlo..l'i~co the effec s ., t on tl1e o"ABIS of using audio from s,d tched 

telephone circui tt4 with opel'o.tional acousJGic environments. 

1.3.2 SASIS Research Facilities 

The SASIS analysis was carried out in the Speech Laboratory of 

ERn I S Information Sciellces roup. tJ G Tllis laborator'T hao a full complement of 

audio filters, amplifierc, recordero, and a sound booth. 

'1'he compu~a lona_ tJ t ' , tool of the laborator,r is a Systems Engineering 

Laboratory 8600 eomputer COllfiaura.tion as depicted in 'pieure 1-2. The CPU 

is oriented around 32K - 32 bit ''lord 600 ncac memOl'Y ,,;i th a direct memory 
I : 4 

I/O subsystem. Three 150 ,il)G 9-track magnetic tape drives alonG i'lith a 2 -

48 LP"U 1 t t ti line printer/ m bit disk are configured. along i'li th 00 ~'l. e ec ros a' C 

graphics output deVice • 

1.11 

-------''----------_. ~~--



~\ __ ...::.\l.Ir-.. __ ....... , 

r , 

o 
o 
\.0 
CO 

t-1 
r.a 
C/) 

'I~) 
~, . ~--~----~ 

I~ 

1.12 

] ~ 
o 0 

C/) ,0 

\, 

t.: 
E:-I 

·-----t 

· 

I ,IJ \1/ 

1=1 

m 0 
'r'I 

~ .j.J .j.J 
.j.J • .-1 III 
~ III :>.. 

J 
A 'n III 

g. .g 
tl III 
t\J 

I, 

)..l 
QJ 

eo '1:1 
I-t tU 
tU ~ U 

e . 

Special purpose I/O is accomplished via a 4-port data acquisition 

system. Interfaced to this system are the analog conversion devices and, an 

interactive graphics terminal. The terminal consists of' a stor<J{~e CRT, key-

bOQ,rd and interactive graphic cursor control and provides the facility fOl' 

ca.rry-ing out phonetic labeling. 

This computer system operates under a real time mClJ1i tor ,'lith full 

multi-programming c:ll)u,bili ties. 

1.L~ TERMS AND CONVENTIONS 

In carrying out the SASIS research and documenting the remll tn 

of this research, a set of conventions ancl definitions have been esto.blishcd. 

Context - Context refers to the phonetiC environment in \.;hic11 

the phonetic event baing observed is ccr'ered. In the SASIS 

only the effects of the tyro adjo.cent events are cont:1idcred. 

context free - 1'\'[0 phonetic events t'l.re compared in a context 

free sense when no consideration is given to the inflUence 

context. Example: Shed and Pcn. - ----
Context depenclent - 1'\vo phonetic events are compa.::-ed in a 

context dependent sense when the hub positions of the pre-

ceding phonetic events matches and the hub positions Gucccc(l-

I ing phonetic event match. Example: Pet and Bed. - -
Text-dependent - TI'lO phonetic event::: are compo.rcd in a text 

d(~pendent sense "Then not only 'ehe phonetic events :i n context 

1.13 
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are identical, but also the effects of stre'ss and intonation 

are s~milar. This is the most restricitive comparison COll-. 
dition and is employed in the SASIS process. To satisfy text 

i 
I r 

dependency, the ~vo events being compared are extracted from 

identical positions in iclent:i cal sentences. 

Hub - Hub refers to the posi ticln 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 (PotIer, et aI, 1947). 

Triad - Phonetic events are labeled in the SASIS as a triad 

of three phonetic events, indicating the pJ.'GeE-ding, central, 

and succeeding event, though only the central event is seg-

mented and analyzed, tbe surrounding events are identified 

to measure contextual effects. 

Basis and query processes - The basis process refers to the 

:i.nitial, unlmoioffi voice sample, and the query process refers 
I 

to the 'knovnl voice sruuple being compared with the basis process. 

In a investigative environment, the basis is the criminal 

utterance and the query is the suspect :utterance. 

~: ~d PII - These refer to errorprobabili ties of the first 
- I 
and second types and'are specified fbr a particular decision 

threshold. PI is the probability of two utterances from the 

1.14 
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same speaker being identified as not in the same class 

(false exoneration). PII 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 SAEIS. Given in the SASIS event 

munber, the International Phonetic Association (IPA) alpha-

betic symbol, the S~SIS alphaphonetic symbol, the class of 

event, hub position, excitation, and an example of' the 

phoneme. SASIS classification is based on events 20 throue;h 

32. The remaining events al'e used in context positions. 

soc - The SASIS Operatine; Characteristic (SOC) cu.rve is a 

unified c:.trve ,.,hich plots PIon the abscissa and Plr on the 
I , 

ordinate. 
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BASIS 
No. --

1 

2 

3 
4 
5 
6 

7 
8 

9 
10 

11 

12 

13 
14 
15 
16 

17 

18 
19 
20 

21 

22 

23 
24 
25 

26* 
27* 
28 
29 
30 

31 
32 
33 
3!t· 

P 

b 

t 

d 

k 

g 

N/A 
f 

v 

e 
d 
s 

z 

3 

j 

1 

l' 

m 
n 

i 

I 

a 

a. 

u 
u 

A 

j 

e 
h 

TABLE 1. J. PHOI\TETIC EVENT LABELS 

Alphaphonetic 
Symbol 

PX 

BX 

TX 

DX 

+<X 
GX 

XX 

FX 

VX 

TH 

DH 
SX 
ZX 

SH 

ZH 
W£ 

. YX 

LX 

RX 

MX 

NX 

NG 

EE 

IX 

EH 
AH 

M 

AW 

UX 

UU 

DR 

ER 

SW 
:aX 

Class 

stop 

" 
If 

" 
" 

silence 

fricative 

" 
" 
" 
" 
" 
" 
" 

glide 

" 
It 

" 
nasal 

" 
" 

vowel 
If 

" 
11 

11 

\I 

11 

" 
" 
" 
" 

aspirate 

Hub 
Position 

Low 
Low 

high 

high 

variable 

variable 

N/A 
low 
Imv 

middle 
If 

" 
\I 

high 

high 

variable 

" 
It 

If 

10'1" 

middle 

variable 

high 
II 

II 

middle 

" 

If 

" 
middle 

" 
II 

variable 

oX· In Data Base I the numbering for AI{ and AA was reversed. 
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VOiced/ 
Unvoiced 

U 

V 

U 

V 

U 

V 

U 

U 

V 

U 

V 

U 

V 

U 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

·V 

V 

V 

V 

V 

V 

V 

U 

peep 

E,eep 

tot 

dot 
-~ 

~og 

E,ood 

N/A 
five 

y,ery 

thin 

then 

six 

zoo 

shop 

azure 

'vork 

les 

let 

run 

moon 

no 

si.£g 

eve 

it 

met 

ask 

• father 

all 

p~t 

boot 

~p 

bird 

the 

hat 

1. 5 CONCLUSIONS AND RECOJ.'.IME11JJATIONS 

The SASIS apalytical stUdies work has re:;;ulted in techniques for 

performing statistically valid speruter comparisons for certain types of 
j 
I .. 

speech over certain types of 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 on a large test group 
I 

gave very good results -- correct identification in 94 percent of the com-

parisons for the case of nin<::! available phonetic event types, and as high as 

81+ percent correct identification when only t,vo phonetic event types 'vere 

available. These results vere obtained on General American English speech 

spoken into a telephone handset and recorded over a telephone channel simu-

lator. Some study '<las made of other dialects and other channels, resulting 

in a reco~mendation that more work be done to refine the techniques to deal 

effectively vli th these variations, particularly channel variations. 

Topics 'vhich were not completely resolved, or were not even 

addressed, idthin the scope of the SASIS analytical studies' include: 

1. Chru1nel equalization 

2. Dialects other than General American English 

3. Female speech 

4. Emotional stress effects in speech 

5.' Disguise 

6. Operator variability 
. I 

Other technicar areas considered to have great potential for 

improvement of SASIS performance and rru1ge of applicability include: 
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1. The use of nasal and glide environments. 

2. Refinement of the amplitude normalization techniques. 

3. Modifications to the distance and similarity measure 

techniques. 

4~ More extensive consideration of coarticulation effects. 

Channel equalization heads the list of unresolved problem areas. 

During the recording of data bases I and II, only stationary effects of 

telephone microphone distortion and telephone line phase and bandlimiting 

were introduced. lv1oreover, the sound booth in vThich the recordings were 

made is a relatively "sanitary" environment compared to real-world acoustic 

environments for bomb threats, extortion calls, aud so forth. Based on the 

small s'cudy made during the SASIS analytical studies, it was indicated that 

inter-channel spectral variance on the same speaker can far exceed intra-

channel spectral variance for several different speakers. In addition to 
, , 

the obvious direct effects, it is also a problem to knO\'T hOif to interpret 

speaker comparisons made in different channel conditions than those on which 

the system performance statistics are based. 

The recommended approach to resolving the channel equalization 

problem consists of making a large nllffiber of measurements over different 

chruU1els, in different acoustic environments, developing a model of the 

channel process "lfhich 'fould include both environmental noise and transmission 

channel distortion effects, designing and testing a neutralization procedure, 

and finally performing a re-evaluation of sJrstem performance statistics. 
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Another problem area "lfhich warrants some discussion here is the . , 

question of operator variability. It is not known in a quantitative "lfay 

what variation in system performance is introduced by variations in the i'lay 

an operator, or different operators, label and isolate the phonetic events. 

In particular, very little is knOioffi of 'bhe effect on SASIS operation of vary-

ing the position of the cursor in isolating the phonetic event. In a 

sustained vowel, greater than 10 pitch periods are available from i'lhich the 

operator selects three subjectively, and differences can occur in segmentation 

betvreen tifO operators. vie suspect that these differences will not affect per-

formance significantly, but as yet, no means of qua..'1tifying these have been 

developed. 

In order to measure the effects of cursor variation, it is 

recommended that an experiment be conducted ivi th a set of phonetic event 

tokens vlhich vary in duration frcm four to ten-plus pitch periods. Each 

event will be labeled and isolated more than once, each time selecting a 

,different, but not necessarily disjoin'G, set of pitch periods. An intra-

speaker versus inter speaker comparison can thus be made measuring the degree 

of variation directly attributable to modification in cursor position (event 

boundaries) . 

Extension of the SASIS techniques to include nasal and glide 

environments heads the list of suggested improvements. There are indications 

that in real-i'Torld criminal conversations over telephone channels, as much as 
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40 percent of candidate cl-?ssifica'bion events possess a nasal or glide in 

t t t 81'nce telephone threats, bomb calls, etc., are their immedia e con-ex:. 
I 

usually short in duration and are often accompanied with extraneous nOises, 
i 

it appears desirable'to a'ttempt to accommodate this type of data. 

d f determl'ning the effects of these nonstandard en-A proce ure or 

vironments on SASIS operation is to select data recorded'from 25 or more 

f either Data Base I or II, or a combination of the two. speakers 'rom 
These 

After data inherently have a large sample of glide/nasal environments. 

quantifying these environments, selected events from this already digitized 

data base size could be as small as 1000 events, if "7ell planned. The system 
. 

statistics could th'en be recomputed bas.cd on nonstalldatd environments and 

compared ,,'ith the atandard-env:i.ronment statistics. Should statistics differ 

Significantly, one of these approaches could be selected. 

ea) remove from consideration nonstandard environments, 

eb) de~elop a second set of statistics to be used with 

these environments, or 

(c) dev~lop a normalizatio~ procedure at eit~er the 

feature level or the distance measure level to normalize 
t 

the effect of these envirornnents to that of standard 

phonetic environments. 

1.20 

, . The follow'ing are suggestions for future w'ork in the area of phoneLle 

analysis and the effects of coarticulation~ This list is not meant to be 

all-inclusive, and it is expected that. oth~r points will, reqttire treatment 

in any further analysis. 

(1) Experimental work should be undertaken to ascertain which 

contexts enable the highest degree of speaker discrimination. 

The usefulness of vowels in glide environments and the zero-

iI?;troducing effect of nasals requires quantification. These 
,l!!, 

,I. > 

'results, from the,c.tJ'htext viewpoint, ,.;rill establish a more ,.,:. 

,', 

optimal basis for phoneme selection by the operator. 

(2) It is probable that indiv:i.duals ",-rith a rapid rate of speech 

will be less separable due to greater formant undershoot 

and a higher level of intraspeaker variance. 1m exnmination 

of the relationship between speech rate and spectral variation 
I , 

on an intraspeaker basis would be appropriate. 

(3) The usefulness of relatively 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 extenda.bility of the conclusions developed in this study 

to Hexican-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 BASIS 

procedures, audio data is amplitude normalized at the sentence level in 

the time domain, using a combinati Oli. peak and average magnitude normali-

zation procedure. This procedure works 'Vrell with laboratory data by 

closely ~atchinc the amplitude levels of two sentences and preserving the 

intrasentence stress levels. 

In an operational environment, audio data is not structured on a 

uniform sentence basis, and stress le~els are not al'iY'ays identical wit,h the 

same speaker. This is due to different acoustic environments, emotional 

stress, etc. Moreover, random segments may be t!odited from either the baSis 

or query ut4erance due to noise or other undesirable extraneous audio. It, 

therefore, seems plausible to employ un 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 unkno ... rns immed~ately ensue. F~rst the eff t f • • ,- . ec on eature values is un-

known; since the normalization process neut~alJ.·zes .. aC:.:lustit~ stress infol"lllation', . . 
Second, system performance statistics (SOC curves) 8;:e probably modified, 

since the input data has been modified. 

The task proposed is to introduce event-level amplitude normaliza

tion and to determine both the eff t f ec on eature selection and overall system 

Performance statistl.'cs. Given th~t th t i "" e sy::; em s available with both normal-

iZatil)n procedures, a cotr.parison can be effectively derived on a limited data 

base of operational data. 
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The distance measure being used in SASIS is an 'unedited f vleightcd 

Gausmian form. A number of modifications are kno,v \fhich improve upon the per .. 

formance of this measure when the SOC curves are used as the criterion of 
i 

optimali ty. These ,';ere llot pursued at this time for a variety of reasons I 

Chief among the~e are 'the unavailability of the data at tq.e time the expel'i-

ments i'rere performed and the suspicion, supported by engineerin~ judgment) 
I • 

that an editing procedUl'e 'fould introduce conditions "Ihich 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 not pursued. Both of these deserV'~\ additional attention. 

The 'h'vo-step procedure described ill Section 7.1 omits any irlfor-

mation from the distance measure block concerned i'lith the amount of data 

upon '\.<lhich any particular distance measure vms based, Hence, it is not 

ltnOiffi by the sim.:i.1ari ty measure if a specific phonetiC event class distance 

is based upon a single triad-pair comparison or multiple triad-pair com-

parisons. Certainly, this is statistical information "lhich may be considered 

to refine the valic1i ty ·of the two-step process. Whether this can be done 

within reasonable ccmplexity constraints (and evaluated 1-lith the data avail ... 

able) is doubtful and this route has not been pursued. Ho\vever, its effect 

should be investigated. 

I 
Finally, the question of a direct or indirect approach to either 

·· .. a distance or similarity measure has been considered above within the con ... 

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 !! priori existence 

of the data, the direct approach, particularly in a parametric fdrm, has 

much to recommend it. This "lvould be particularly appropriate after the 

collection of realistic operational data. 

The similarity measure used in SASIS is a linear forn ,,,11ere the 

coefficients are calculated using a desensitized discriminant function i'lhich 

is optimaJ. under a set of realistic conditions. A brief investigation of 

non.linenr forms 'vas made. Although the examples given there ivere found to 

be superior to the linear forms, as judged by the SOO criterion, the non-

linear structure could not be completed in 'bhe time remaining on the current 

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

implementa.tion re.ther th:::nSl. rr.th'3r incomplete but prOmising nonlinear form. 

Clearly, 'bhe evidence presented merits reconsideration and extension of 
I I 

these nonlinear fo:cnls. This i"ould nc:burally result from a reconsideration 

of the da.ta nOH aval.lable, in conjunction "l'li th a re-examination of the direct! 

indirect tradeoff outlined above. 

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

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

clusions merely a"Tai t a fe,,, experiments. Among these are: 

1. The intrinsic dimensionality repreeented by the 1023 

cases described above. This is alluded to in Section 

8.4, but needs to be made more quantitative. 
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2. The existing approach computes curvos for each of' the 

1023 pneudo comparison sessions by averaainG over 

triad-pair triplets: 

(a) the varia.tion lri thin classen of operational 

interest should be computed, 

(b) the procedure should be repeated for 

(i) triad-pair sin~lets 

(ii) triad-pail' II all-the-available-data" ei;s 

3. An additional tabula'bion; baned (In the A. values tll€.lnl-

selves \"ould give an additional perspective on hOyT the 

statistics change ~ith the data. 

Addi t~.r)nal operational scenarios may be investiaated vii th the 

data available if it is restructured. Consider a 

ScenUl'io: 

Formu~ation A: 

. , 

base speo..'I(er: speaks 3 phonetic events 

suspect 1 ct speaks 3 phonetic events 

8 l'epes.ts 3 It II 

v II II " It 

i . e ., run the enth'~ SflOIS system 3 timos 
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Formulation B: 

Run the SASIS system ~ b~f extending the 
I 

reference data by repetiti~n. 

Usincr the current do.to., ",e may compute inter-speo.ker nl.1l!lr,<;l!,s using, e.g., 

speaker i, cesaion 1 Hith sp~G.ker j, session 1 (this do.ta. has not been 

used to date). 

. , 

Specifically, cc~pute 

1) . 0.11 the statistics ag'lin, and measure the ser.sitivities, 

2) com:pllte (a) 1\1 using speaker i, session :!. a~1d. spea..1{er j, 

sess:i.on 2 

(b) 1\2 usina spealter i, session 1 and. speaker' j, 

session 1 

across a number of scenarios an\! :find the ave:r:ae;e 

•• 

Ei ther procedure ".,auld shed li,fht on ",hether there shl:luld be any operational 

preference fOt' forrou] ation A "1' ior formulation B. 

: 
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2.0 AUDIO DATA ACQUISTION 

Three audio dai';a bases have been recorded during the COl1l'ne of the 

analysis investigation. These data bases are d~!;'~ined as fo1loi·rs: 

Data Base r - The pilot data base on 'vhich initial system design is 

based. This base consists of 25 General American 

English (GAE) dialect speakers sayinc; 20 phonetically 

balanced sentences on tivO separate occttsions, separated. 

by approximately t",o weeks. 

Data Base II - The system optilnization and evaluation data bane. 

This base consists of 193 GAB, 21 Chicano~ n.nd 18 

Black Urban dialect sj;.lealters sO,yinl1 10 phonet:i.cn11y 

balanced sentences on b'lo cepul'o.te occusionc, sepo.2.'atcd 

by one to '(;ivO ~..,eel{s. 

Data Base III - The system und prototype testinG data buse. 

This base consists of 50 GAE speutl..:J.':' (1'.1.":"111 D\J.ts. Ba~e 

II)' sayinG the srune 1.0 centences. Unlil~e the otter 

t"TO da'(;a oases in which recol'dinC "lUG cnrried out l.n a. 

soundbooth, recording thene data waG carl'iec1 out in 

various laboratory and office environment!; over the 

telephone net~"ol:'k. 

E.l 



2.1 DATA BASE I ACQUISITION 

2.1.1 Procedure and Purpose 

The first data base has as its purpose to provide a baSis in which 

coarticulation, channel equalization, feature extraction, distance measure 

and silliilarity measure stUdies can be carried out. In addition to these 

tasks, the deSign of t4e more extensive Data Base II and Data Base III 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 ,.,i th sufficient representation to maintain statistical val~di t,Y. 

Next, a procedure for extracting voice samples ",as designed and the recording 

equipment configured to sa.tisfy the specified requiremell~. Finally, the 

speaker base ",as speCified, speakers intervie'l'led, selected, and recorded. 

2.1.2 Sentence Design 

The sentence design tusk 'I·;as carried o'lt, in three phases: initial 
I event selection, vocabulary deSign, and sentence \:!ons'truction. 

2.1.2.1 Selection of candidate phonetic event set. 

A basic 14-p:lonetic-event set Has selected on ,.,hich to base analysis. 

These initial events ,.,ere candidates from "lhich the fine.I event set ,'las 

selected. Considerations on which tins candidate event set was based are 
listed beloi.,: 

.. 

Vowels selected for labelling are stressed, non-nasalized, 

and pref~rably internal to a syi1able. An exception is the 

schvla, which is also being analyzed. 

Fr:i.cat.:ives ,.,i11 not be selected for eventual evaluation , 
because it is probable they show less inter-speaker vari-

ability due to a lack of definite formant structure. 

2.2 

.. 

Table 2.1. 

o Some vOiTe1s on the vowel chart are not to b,e considered for 

analysis due to their extreme proximity ·to other vovlels and 

the expected difficulty of an operator in distinguishing 

the members of a pair. T1.,0 vOi.,e1s in this category are ;B • 

(at) and 0 (not). 

II Diphthol1g3 will not be considered for speaker comparison due 

to their formant variation resulting from tyro target regions. 

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

2.1.2.2 Selection of Phonetic Contexts 

In order to consider the effects of coarticulation on the cund:idate 

phonetic events, a set of contexts were specified. Context is defined here 

in. a first··order sense) i. e.) the effects of the phonetic event irmnediate1y 

preceding and immediately succeeding the central candidate phonetic event. 

This triplet of phonetic events is defined as a triad, event though only the 

I central, candidate, event is isolated for analysis. Notations of the t1.,0 

adjacent context even1iS is carried in the labeling, hO\·lever. 

Context is based on the hub (Potter, et a1, 1947) position, Le., 

the position of the second formant. For the vowel events, three types of 

context 'vere chosen and are high-vO\·re1-high, midd1e-vO\"e1-midd1e, and 101.,

vowel-101" hub positions of surrounding non-nasal consonants. The context 

consonant c1~sses include stops and fricatives. The nasals exhibit little 

formant variation across adjacent events; therefore, they are not embedqed 

in triads and ",ere not used in coarticu1ation analysis as "Tere 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 stl'essed 

positions. 



.. 

e' 

" , 

Ta.ble 2 .. 1 

Candidate Phonel~e Event Set 'for SASIS 

~llt ~xamJ21e 

;> . 
I eve 

r it -
e met -
a ask 

Q. father' 

A 
~p 

~" :J bird 

:) yl 

V p~t 

U. i \ boot '-
h\ ~ 

n no 

'~ s:i.n~ 

C} the (schw'a) 

. ' 
2.4 

., . 

Table 2.2 

Consommt Events Used in VOi're~ Context 

Hub, Position ~tops Fricatives 

t to 
High 

J 2l:e 

d ~ay :3 aZUl'e -

11: ~ey -e- thin 

~ g go then . , 
middle '- ' 

S see 

'1. zoo -

P pay -r for 
low 

b be V y"'ery 

=ZU&.~ 



A triad chart ,vas constructed for each vowel. . An example for the 

vO~'Tel Iii i s 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 

gi Yen in Appendix ?.A. 

Additional considerations employed in designing tbe vocabulary 

are gi yen beloYr. 

" 

I 

.. AlthOUGh it is preferable to employ words that woulo. be 

expected in a criminal situation; e.g., bomb, gun, 

insurance, police, money, the use of such entries would 

only be at the expense of desired voceJ.ic tokens, given 

a fixed number of sentences. 

• 

o 

• 

Words selected yrere relatively common and easily readable 

by poorly educated indiViduals. 

Analysis on the zclma was concentrated on the .... oco.lic 

event in IIthe.1! 

Words containing Im/, /n/, and IrJ/ nasals 'vere introduced 

at sentence design time, to linl\: vO'vel vocabulary members, 

since context "las 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 audio level and 

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

data. 

. During the design of the sentence set, the folloHing three con

siderations "ier.e observed: 

o It is desirable to use syllabic frequencies strongly compatible 

,<lith those of GAE; hmvever, this '\{ould be at the expense of 

desired vocalic tokens. 

2.6 

Table 2·3 
Word List from Vowel I~/ 

.' 

Teach 

Teed (golf) 

,Deed 

Cheat 

Cease 

Ceaseless 

Seize 

Seizure 

These 

Thesis 

Peep 

Beep 

People 

Beef 

" . 

" 

Detach 
: 

Detail 

jDetain 
I • 

Detect 

Deteriorate 

Determine 

Detest 

Detract 

Keith 

Keye 

Donkeys 

Monkeys 

Geese 

Seek 

Feeble 

I' 

~-----------------

Sheet 

Petite 

Seesa,., 

Cecil 

High-Volvel-High 

Hiddle -Vo'\'r'3l-~iddle 

Lw-Vowel-Loi'T 
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TAJ3LE 2-4' 
Sentence Set l 

1. It should. be pointed out thOot linear prediction ho.s hOod extensive 

application in, other fields. 

2. Keith Dudley taught his daughter Susan to cook a fabulous pudding dish. 

30 The thug ransacked the shed with ceo.seless dete:r:mino.tion to do damn.gc. 

4. Above ali, the judge ''fas baffled by the dirty revolver ivhich shot the 

guest. 

5. Thus, the excessively shoddy book caused the tutor's enthusiasm to 

deteriorate. 

6.' Did Bev's giggling sister kick the sassy dude? 

7. Few' 'people guessed that Vivian I s daughter perfolL!l'ed this involved 

process • 

8. Dad dashed fl'om the shed to kick the puppy chevling his ne\" shirt. 

9. These pcopJ.e shuddered. i!!. di~g"J.st when C:t[;!le;y ,made a caustic and 

uncouth rebuff. 

10. The teacher should have popped the beef dish into the sizzling oven. 

~. Is it the duty of the I packers to perform each detail? 

12. Ted's shirt, together ,dth his socks, i'lere l'Uined by the boob;:,r trap. 

13" l!'ifty talkers bab,?led casually as the cooks jittered 'dirty dishes on 

the buffet. 

14~ Bob determined that people in Dunl<;,irk caught puppies in sacks as a go.e· 

J.5.. Susan I s enthusiasm should not cause bacltel's of Ted to persist in their 

attitude. 

J.6. Because the cost involves steadily perfor:ming the proces:s, Tod should. 

not dash into debt • 

17. 'Beverly VIas baffled by the pauper ''fho fibbed. ab out his populou.a fa.mily • 

18. 

19. 

20 • 

21. 

Tod t S feet should be hurting because he has a pebble' in his sock. 

The singing officers asked fot' a third sonG· 

Did Dutch l s dauchter chat with 'che goggle-eyed circt'l,~ cl(J.':n~ 

The third sauce stimulated their peptic ulcers aTtd cauDad them to burp. 
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Table 2.5 

Context Distribution f~r SASIS Data Base I Sentence Set 
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Audio Data Collection 



Long sentences are preferable in order to provide enough tokens 

for each context and GO minimize end effects. 

•. No constratins are to be made on the t:ypes of sentences used 

(e.g., ~ecla~ative, interrogative, imperative). 

Durinc; sentence construction a major effort ,.,as directecl at 

distributinB the 'Griv.ds evenly throughout the data.. As is· illustrated in 

Table 2.5, a good distribution was achieved in all but a fe~., cases, ,.,here 
, 

the number representative vocabula.ry members i'laS very limited. 

Data Base I Recording 
Purpose 
Data Bane I had as its function to provide a basis on i"hich initial 

system alGori tllln developm811t could be carried out. This data base c0118is':;s 

of 25 GAB speakers saying the 21 sentences of Section 2.1.2 on t,vo sepQrate 

occasions. 1!;ach recording occasion is referred to as a recording session. 

Speech w[;.s simultaneously recorded from a dynamic microphone 

arrMc;ement ane1 a conventional desk style telephone. All recording t'laS 

carried out under the direct control and the monitcrinG of the recordinG 

supervisor, the nenior laboratory technician. 

2.1.3.2 HecordinG Setup 

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

2.J..3.2.l Soundbooth Cc;mfiguration 

Sentence recording from the speakers was carried out in a semi

anechoic chamber situated in a sound treated laboratory room. The 

chamber "1O.S manufactured by General Acoustics Corporation and measures . 
56" x Its'' x 105." The estimated attenuation of this soundbooth is given 

in Table 2.6. 

Included in the' soundbooth are a console ivi th full remote control 

for t,vo tape recorders, t,Ho microphones, a telephone instrument, a mixer, 

2.12 

Table:::>..6 Estimated Attenuation of S0und Booth 

Frequency (Hz) 

Attenuation (dB) 

"CW'O speakers and a chair. 

63 123 

28 1~6 

230 

56 

500 1000 2000 l~OOO 8000 

75 82 80 

The two microphones al'.'e Shute Model 365 unidirec'tional dynamic 

microphones w'ith reasonably flat (:1:8 dB) l"eSpOllCe from 30 to 13000 Hz. 
These mikes o.re posi tioned approxim::~tcl:'l 12 inches fro!; the speaker I slips 

and 20 degree::> either side of the spcu1\:ers norm~l 1'ace poci tion. Thin t~o 

degree MGulo.r separation bet~ ... een llliel"ophones cnnblcJ. suct:'cm1ful recordinG 

of untrained f.lpeol'Cers with minimal incidence of' bm.'Bt nOioo. The t,vo 

microphones 0.1'0 blended into one high fidelity chatul<.:l 'vi th C'. Shure 1-16"1 

mixl3r. 

The telephone instrumcmt in the sound booth is placed on the: 
console in front of the speaker. The instrument line is tCl'mil1:J.tod O~l'~s:tde 

of the booth ,dth a. Thevenin equivalent to the telephone line (sec ::!e(!,/;io!1 

2.1.3.2.3) . 

One of the bro speakers in the sound booth in used for playlnc 

prerecorded instruction::>, directinG the spe::-J-:.cr in his rccordinc. This 

speaker is driven by a f?ony TC 565 to.pe :r.-ccorder, COlltrol1cd by tba 

recordinG supervisor. The other speaker is an intel'com, l)ormi ttinr; the 

recording supervisor to communicate ,·,i th the spee:.ker d1ll'in,; recordinc. 

2.1.3.2.2 

The t"lO audio channels, the' terminated telephone il'wtrumont, end 
I 

the mixed dynamic microphone channel, were record.ed on an .Ampex AG 4!~o tapo 

recorder. This recorder is fully uptp.'o.ded ~to AG41~0 B specifications and 

includes Dolby Type A companding and servo capstm'l. The t"lO channel.s "lere .-

2.13 
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rec(ll'cled rdmult[.l,llcouGly on .~.II x 1200! Ampex type 406 high-density audio 

recordinG "tape. Hocordin~~ 't-l8.S co.rried 0ut a.t 7·k ips in hD.lf-track modo 

usinc~ nAB equnli:~o.tion. The overa.ll specifications of the recording 

systc;ll1 ~tre C;1 V(!n 1.n Table 2.7. 

Input cicno.ls to tho rooo1'<1ers from. the sound booth are con

tro1J (~d at the Guperviso:r. t:; pOl1i tion adjacent to the l'ecorde:r.s by decade 

attcnu:lto:r.'S. The recor<1in~; levels \oTero controlled by observIng recorder 
, 

VU me'bers (11'113. corrcct-tn;; the ranee fo:r. peaks G.t approximately OW. The 

supervisor mun1.tol'ctl both cha.nnels ,'lith headphones, selec"bing either 

cho.nnel \OTith 't svlitch junction box. 

Tal)lc 2.7 Specification of l\mpex AG440 Recordine System 

Speed (ips) 3 3 r. 7'1. 2 J.~ 30 •. , 

Flutter (~) 0.1 0.08 0.06 0.05 

siN (elli) 64 68 68 68 

Frequency 50-7.5K llO-lOK 30-18K 
reCp()HOe :±.2 dB 

81'eo(1 0.08 0.08 0.08 0.08 
ACC1.lrD.cy (~~) 

2.1.3.2.3 Carbon r-iit'rophone Analysis 

In order to assure that the telephone instrument employed '1.;0 

record speech datil ,.,e.s tY1)ical> an experiment ,.,as conducted to evaluate . 
telephone in::;trumcnt carbon microphone elements and to select an element 

for 8ASIS nnnlyais da.tu acquiti tion. 

The experiment conducted involved metl.surints the frequency response 

of five carbon mi crophone element~s mounted in a standard tel.ephone 11on(l sat. 

The meo.surements 1-rere made in a semi o.nechoic; chamber i1'1 which an a.udic) au'b .. 

put tra.nsduce:r;' (h:i.gh-quali ty speaker complex) \':C1.f.: pos:L tionGd 18 inches from 

the suspe'r1ded telephonr; handset. A reference micl'ophone i'ras positioned eql;d

dista.nt :from the auelio source and ~ inch f'l'l:lrn the ho.n<1set. 

A set of five microphon~ elements 'oferE'l ~]eJ.ected at random frcm 

telephone in:::truments ill the laboratory vicini t.y. TheDe el(:ments h:we been 

insiia.l1ed at various times over the past 10 yea.rs. No oJ ament had bc(m 

obviously phydcnlly abused. 

The telephone instrwnent under tent i\UC diBct"ll1ncctcd f':t'cm the 

telephone circuit and \V'D.S biased accordinG to Pir:,Ul'c 2.3a. This bias t.!ircltib 

is a Thevenin cqui Valel'lt to the telophotlC circ~1i t. 

tion of Pidure 2.3b. 

The frequency :r.'cnpcnse of the carbon m".cronhonc ""ttt- lr.cnsc.rod at 

nine frequencies, and the approximate cutoff frc::quency of ectch carbon mim:'()

phone ,,,t?,s measuretl. The amplitude of each sinc;le-frequency tone \.,af{ adju::.l ted 

for 0 dB. The reference of 0 dB was established as nominoJ. cpeech outpu1; J.'!'Cl!n 

the instrunlent when the handset is held in a normcl mannel' and Co norm!ll voice 

level is used. 

The o.udio level at the carbon microphcll1c wus meo.~ured via the 

reference microphone (SHURE 365 SD). The audio level wus corrected u~in[j 

the measured recponse curve of the SHURE issued by the xr.auui'c,('tm'er . 

Table 2. 7 gives the resul tn of these met"~surement.r". The frequr:mcy 

response of the five microphone samples appears to be reo,scm,ably uni f'orm 

across the 9 ,'requency samples. Microphone A i.;as selected. for SLSIE: tmrtl~·si:-. 

audio recordings. 
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2.1.3.3 Recording Procedure 

2.1.3.3.1 Organization of Speaker Base 

A set of 30 ltale adult speakers "Tere selected from within the 

Advanced Technology Department to participate in Data Base I recording. 

These speakers were know'll, and their voices were familiar to the investi

gators organizing the speaker base. These speakers "Tere selected on the 

basis of GAE dialect as broadly df~ined, and absence of obvious speech 

impediments. A surplus of 5 speakers were initially recorded in order 

that -1:;hose l.,hose performance was not considered satisfactory or \'Tho 

encountered a scheduling problem "Tould not be recorded for the second 

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

th~se spea1~ers. 

Each of the speakers ,.,as contacted first by a letter of exp1a

nation and then by telephone. He was scheduled for Lwu c:1.)!.fJulu Lnlt::nts, 

sepal'ated by approximately t"TO "\'1eel~s. When arriving for the first record

ing session, each spee.ker 'Has askecl, to fill out a q,uestionnaire in which 

name, height, weight, age, and childhood residence 'vere spe~ified. An 

example of the q,uestionnaire is given in Figure 2.4. 

2.1.3.3.2 Speaker Recording Material 
1 

'Speakers were scheduled to arrive on 20-minute interva1s. Upon 

arrival, the spea1~er was gfvena brief explanation of the recording procedure 

and the purpose of his recording by the recordin~ supervisor. He was then 

seated in the sound booth~ shoioffi the telephone and microphones, and the door 

'l'TaS 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 process was given. The text of this recorded 

message is given in Figure 2.5. 



, . 

Section ______ L/~;4_, __ 

SPEAKER D~TASHEET 

Please fill out dmm tb the das:.ed line. This data is used in characterizing 
your voice. 

Name. 

Dept/G:rc.)up __ ..:)~,"_I_~_, _".;..1_' _______ _ 

Extcndon .7 '/ J 7 
------~--~--------------

Loc£l:l.ion 

I 
Height ') ~'--

Weight 2:~ f' 
! 

Age (Please Check One) 

o BeloH 25 D 25 - 34 

DOver 44 

Du:dnc D.{';OU 3 -co l~~ in ",hat state did you reside more? 

C3~ City or D Rural? (Please Check One) 

~I 

.-------------------------~----------------------~ 

Hocord:inc; Da.ta 

/ () ~ :; • ? _3 S It:;' (S r; A 

/6 - '-~~/~ S PI~I S I ~ R 
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, 
I 

Remarks 

i 

1 
1 

i' 
II 
,I 

11-.. 
'l-It 
fr 

-
Figure 2 . 5 Text of Data Base I Briefing M.essage 

BRIEFING TEXT 

Than1~ you for participating in the speech recording project. 

The purpose of this project is to record sentences from a 

large number of speal~ers and -Go analyze these spoken sentences 

in a computer. Various types of analJrs es will t~e place, and 

the end goal ,vill be to develop a system for determining an 

individual's identity by analyzing his voice. 

You 1dll be asked to state your name and department number 

and then to spe~ 21 sentences. The sentences you are to 

. speak are designed to provide a special set of sound combin

ations and are not necesse,rily meaningful. I \vill start \vith 

sentence number one on the list and ,vill speak it t,vice. I 

wIll then paust: fOl' d. D.cief per.i.od, daring ",hich 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 s~oken. 

Please speal'.: in a clear voice and try to say each sentence 

smoothly, as you m:i.ght in a conversation. If you make a 

mistake, or mispronounce a word, pause for about a second 

and star:t that sentence from the beginning, allover again. 

I vTill repeat: if you make a mistake, or mispronounce a 1vord, 

pause for al)out a second and start that sentence from the 

beginning, allover 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. 

2.20 



The telephone, as .... re11 as the ti'TO microphones., vri11 be used 

to record your voice. Please pick up the telephone bond hold 

it as you normally do when you talk on the telephone. . (Pause) 

HOi'r position yourself comfortably in f)"ont of the t'l'lO micro

phonoD and avoid speaking directly into either of the two 

microphones. 

We yTill now ask you to say your name and department number; 

please state your name and department number following the 

tone. 

(Tone) 

(Pause 10 seconds.) 

He will !J.I)W speak the sentences. Remember to 'I'rai t for me to 

say each sentence brice and vrai t for the tone before you say 

that sentence. 

(Sentence, Sentence, Tone) 

(P~use 10 seconds) 

(Repeat for 21 sentences) 

2.21 

Folloi'ling 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 speaker, 

8l1d each sentence 'i'laS said tVTice to him, from the recording, bef~')re he was , 
to say that sentence'. Each response from the speaker 'I'las precedecl by a short 

tone. 

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. Mis

pronunciations ''lere minimal. 

2.22 



2.2 

2.2.1 

DATA BM.m II ACQUISITION 

Procedure and Purpose 

Data Ease II has as its purpose to provide a basis on ,·rhich feature 

cxt1'uc:t1on, dlntancc m0i1Curc, and similarity measure tasks can be optimized, 

nn ~·TeJ.l an a banis on "'hich an overall evaulation of the SASIS can be 

carried out. 

Thin data base consists of recordings from 232 speakers from three 

dialect r,:r.oupn. This clo.ta base is the result of a sequence of tasks. 'rhe 

firl3t taclr :tc thrLt of evaluating Data Base I for a coal'ticulative effect 

uno. dcfin1n(,; the oct of useful phonetic events as "lell as contexts for each 

oelected event. 

The next task::; arc similar to those of Data Base I acquistion. 

They inolude desit~ning a set of 10 sentences satisfyin~ the design criteria 

and Co.rryi11g out the nctual record~ne tasks. 

2.2.2 Sentence DeSiGn 
I • 

Sentence desi{.511 for Data Base II '\'las more constrained than that 

for Dntn Br.Ulc I, since the mean education level of speakers dropped signifi

cantly C)tl the second dnto. base. Semantic validity and vocabulary familiarity 

we::cc it prj,mm.'y requirement placed upon this sentence set. 

2.2.?.1 Selection of Phonetic Event Set 

The phonetic event set selection '1as based directly on the results 

of the coarticu1o.tioll study, Section 1~.0. The final set is the ll~-event 

set (Table 2.1) used in Data Base I, since no rationale i1as developed at 

thnt Mmo to roduce the number of events. Though data 1'laS recorded and 

labeled for 0.11 these ll~ events, a procedm.'e ~'las subsequently developed to 

cHm:inntc the sclMn, /0/, and. to mere;e certain pairs of events such that a 

con,lenceu fi(,lt of 10 phonetiC categories resulted. This overall reduction in 
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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 11erc finalized by the: 

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

reflects a si~able consolidation in some contexts. In ·the case of Iii, /m/, 

/n/, and /TJ/ ~ the hub position on either side ,,,as found to have little co

articulative et'fect. For /1/ and, lui, hub position 11as found to have signifi ... 

cant influence, and the o:t.'iginal Data Base I specification '1as preserved. 

The remaining events, except for lei, were found to be similarly influenced 

by high and middle hubs, 11hich are grouped together, separate from 1011 hubs. 

TABLE 2.9 
Context SpeCifications for. P11~etic ~"v'eE.~§' 

, /i/, /m/, /n/ j and /x;) 

/1/ and /U/ 

/e /, / a/, /0./, 
/0/, /u/, //1. / , 
and /.~/ 

/e/ 

{ high, med, or 10l.r/event/high, med, or 
low 

hi€;h/evel1t/high 
med/event/med 
low/ event/1m·, 

higb, med, or 10~,,/event/hil3h~, med or 
1011 mixed 

high or med/event/high or med 

low/event/lw (mixed) 

hieh, med, or 10'~r/event/high, med, or 
10i1 

{ the "Tord lithe" fol101'led by any event. 
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The necond elata base aleo emp'loys a mixed context across the 

ccmter event. Th:tsvarinbili ty p'ermi ts nonsimilo..r hub influences at the 

beg1.rming f.),1lcJ. end of triads, a condition far more representative of real 

,(,orId de:!ta than nimil,ar hubs on either side of' the center event in a triad . 
• 

A fu:rther contextual influence Tilas introduced into the sentence 

oct and cond,Gtn of labeled trj.ads ,("hich have nasal and/or: glide environments. 

Three tolwnr.: of' these arc employed in the Data Base II sentence set. , 

2.2.2.3 Derivation of Vocabulary 

The vocabulary derivation procedure for Data Base II i"as identice,l 

to that of Dntn Ikwc I, Triad charts 'l'rere constructed using the phonetic 

owmt and contc.:d spe.cifications, and words "rere formed from the tri~tds. 

In acldHion to the consideration specified for Data Base I the 

th:>'C!c foD oi':in;.~ cen:.:idQrationG \'lc:!.'e incorporated ir~ vocabulary design. 

'.rhc /11l/ and /n/ nasals 8hould be at leading position in "fords 

for st:I.'CGG. 

Hords selected are to be relatively common and easily readable 

by poorly educated individuals. 

The vocabulary should incorporate forensicly applicable ifOrds. 

Sentence desiCll for this data base f'ollm"ed the same rationale and 

procodure tho.t ",as crop1eycd with Data Base I. The resultant set of' 11 

scntoll(!(u. ~l,re siven in To.ble 2.9. Again the first sentence is a dummy, used 

for 01)(m1,(1l' and. rccordinr; condi tionil1S-. 

A tn.bulation of phenetic frequencies designed into the sentence set 
I 

if; given in Tabl e 2.10. ' 
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TABLE 2·9 

pate. B~se 2 Sentence Set 

I 

1. The State of Ca1i.fornia does not have the growth ro.te that.it did 
in the 60's, 

2. When Beverly cooks her goed vegetable soup, she puts in a. teaspoon 
of butter and a pinch of pepper. 

3. Bob Dudley shipped the circuits to Boston on Thursday. 

, 4 •. The people on the Long Beach dock sienalled the first ship that 
passed through the fog ban1t. 

5. The cops suspected that the judge's sister was ped~lin~ narcoticS. 

6. Dad is using a shovel to move the excess dirt from the curb. 

7. A fifteen-mile section of the north CaUS€May is in poor con1i ticn. 

8. The shop boss w'as more than satisfied wit.h the fabricated baffle. 

9 •. The students climbed the po.th above the cabin and ,,,ere poe.ped. 

10. Todd should be puttin3 food in his dog's dish. 

11. Paupers and those near poverty substitute hamburger for: bett0r 
cuts of 'beef. 

I , 
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Event 

Iii 
III 

lei 

lal 

/0./ 

101 

lui 

lui 

IAI 

Idl 
Iml 
Inl 
lui 

l?honeti:1.c rmd. Context 8tlltictics for Do,:ca B:J.se II Sentence Set .--. ..--. 
Hub Contf31.t 

r)o,gJ t~ ,cm:.-. 

I·fixed 

Uir~h 
Mid(llt~ 

IiCM 
1-Uxcd 

H:Jgh or Ivliddle 
1o,", 
mixed, 

Hi.gh or H'i 11,110 
LO'l'f 
Mj.xed 

H:!gh or Nitldle 
Low 
Mhw(l 

m.gh or U1 dule 
rJc;,; 

Mixed 

H'i~h 
Midtllc 
LO' .. , 
Hixl~d 

High or Niddle 
LOi., 
I·fixed 

High or Hiddlc 
LOI-[ 

Mixed 

Nixed 

Ui,xcd 
Mixed 

Mixed 

I , 

No. Tokene for 
context 

4 

2 
1 
2 

2 
2 
2 

2 
2 
2 

3 
2 
2 

2 
1 
2 
1 
1 
0 
2 

1 
1 
2 

2 
2 
2 

3 

3 
3 

3 
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Total No. Tokens 
for EvE::nt 

4 
7 

6 

6 

5 

4 

4 

6 

3 

3 

3 

3 

2.2.3 Reco,t'ding Setup 

The r~~cording setup illcluding sound booth, superVisor I s contl'ol 

center, and recCll'ders ~.,as identical to that used in Data fuse II and is 

described in Section 2.1.3.2. 

2.2.4 Recording Procedure 

2.2.4.1 Speaker Base Organization 

The scope of Data Base II includes three dialect categories, 

GAE, Black Urban, and Chicrulo. These catec;ories are broadly defined. 

A discussion of the linguistic characteristics of the dialect grouPG ,-,ill 

be given in Section 3.2.3, under sound discrimination. 

The original size goals of the data base 'Here 

175 Male GAE 
25 Male Black Urban. and 
?5 Male Chicano. 

Because of factors to be discussed, the final spesJccr dialect populr~tic'n 

resulted in 

193 Male GAE 
18 Male Black Urban, ruld 
21 Male Chicano speakers. 

Due to the large size of the spealcer populvtion, spealcer sc~l ect:i.on 

and initial contract i'laS carried out through the Personnel Development 

Department at Rocbrell. Speaker sets for Data Base I and Data Base II w"re 

disjoint. A set of criteria was established on which speaker candidate 

selection was based. These criteria include: 

• Male GAE - graduation from high school. in Southern California 

and no obvious regional dialect, 

• Male Black Urban - obvious dialect, and 

• Male Chicano - Spanish surname and obvious dialect • 
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Candl'l·"~t(·[: il'Jre nr:lcctod from ·t;~:~l'louij pool ~ i'i:H::hin the company Via. computer 

tab rtmr;. 'rile l;rol~11 ~UP(:2.'V".i.C!WO ,vorc ccmtnctcd to inter-vic"" candidates, 

Ill.'(jv:1do [~ f:i rnt IJ.re). r c1:l alcct V!.:I'ifJ.cat:1.0n, o.nd ceCU1'C the candidates per

flu,w:len to roeot'd. I:r.!r:ponccG l't.!rc l'CC(::tv('d from the super'V",isors indica.tine 
cHen:'. t; (fw1 0."n.:1] (j,lilG c'.md'1<1[./pr:. 

:rn:ttlalJy, 0'';',)1' 200 nAg, 35 B1.cwk Ul'b~n and 35 Chica.no dio.lect 

CH!l'Hd: ~~f [' ;l'}~'e roJ i'~(~ted. nccpmme from tlH.> r.:AE croup wac very liood, but 

tlw o~b ). IE !~'l "et CJ;'(IU!JG ",ere l'cJ.uctunt tC) l'ccord probo.bJ.y due to less 

fmi1'i 11 :,:I': ~.:: ",11 th tl.l~ .1 mlGu(l.G(~, lOi'lOr r(wd~.n(·; skills, o.nd to some degree> a 

i'(:ru' O!' ::c.d f .. lb-:.:r;l:d r.ut:lcn (though much EJi't'ort WD.G tr'l.kcn to avoid this 
:lmpl'P[,t ': {":,) • 

I·][tt'h of UL!~~ nelf~{~tet1 (!anc1ic1ntcl~ ";01'0 thon ccntacted direc.'tly, or 

vJr. iil.C';.1' ,;t:I u·v.L~or, r."~~J G Cllwdul cd fOl' tt·;o o.ppoi nt!:;tmts . Appointments 

r.f'ltt " J c;tiA'!' in,! :cr~t:i n, ~ J~he arpO:t21hi .. mt 
"ihui'/: t(') f ';0 • 

The npcmlwl' l'C{;'()l'din:~ Pl'ucedurc fCJl' Do.to. Ihso II is very similar 
to 'bkr~~ (·l,j.f)i L,~;t.'d fox' 1.),"",,"). ~," ~c I. ('I~, 1 't.j. t ' .I.t.~ .1.' ... _ t.J.!:-.QQ.xcr appOlll ·mcn",t~ ,.,erc SCLwduled 

cVt'l'Y 1;.; f;!im .. tt'l1. UI!('n m."ri va] at th(~ l.'ccul'J.in~~ lo~.ation) cpeakers '"ere 

ufilwrt: 1 1 ntn t}l(: cound booth tmd. brief'e~ vi{\ prerecorded menco.ee in the 

muun r./'~:t.';~. I~G :1 n ttl(! prcv:i.our. dttta bU,r,e l.'ceordil'l;3. The text of the bl'iefing 
ml!n(~~l.c,P .iI' t~'!.Vlm :in l"ie;Ul'c [2.6. 

The l'\]('Oi;',l'l n'~ Pl'OCCt.n tClOk npPl'c.)ximately seven Heeler:; to complete. 

!l'hc fV(\l.':~l'! (!l:~~Hty 01' the data um:: sliehtly lOi'lOr tho.n that 0:(' Ded .. .::. B3.sc 1, 

l'l';i.m::ri~ ::. Ihe to the 1 m:cl' ave,!;,'''-:,:e edueatlcmo.l 1 evel of the speakel:'~. The 
ncouf't,ie qU:l1:l t~~ nUll ~1:1tul',<!1 .. n.~.~ "1" tl.lC r"'''o''dl' '.'1" ~r. • t 

- J • - .. ~ • ~' ~~ ~ ~_ lS very so. isfactory, but 

F~ gure :2.6 

BRIEFING Tr~A'T FOR DATA Rl\Sg II 

Thank :you for po.rticipn.tint; in the speech l'ecordin~ project. 

The purpose of this project is to record sentonC'en from n large 

number of speakers and to analyze these spoken sentences in 0. 

computer. Various types of anulyses ,.;rill tolw plo.ce, and til<: 

end. [';00.1 ''fill be to develop a system for cC1!lIlo.r:in6 t, ... o voiccs 

to d.etermine if they cottle from the some person. 

You will be o.skcd t.o stute your speo.kel' llUmber and tlHm to 

SpCaK scn eneas. " ~ i 11 t The sentence!': you arc to npna), nre dt'{:ic:ncd 
to provide n specl.U ~ ~ __ ~ _ . 1 set of sound "c"mb·lnnt. ol emf{ und don I t ne(:!er.sc.r" 

ily In-:'.ke senne. I will start ,,,i th Gr.:ntcnce munbel' one on the list 

lUld "'ill opc~!l;: it t\·lice. I will then pause fr.)I' u brief pCl'ioa., 

dU'l.'b18 i.,hich you 0.1'0 to speak that saZ:le sentence one t1,mc. He 

will then rcpec.t thi~ process for sentences tnunl>cr 2 o.lld number 

3, ~\ncl so fOj,'ch, unti:t all 11 sentcn1ces on tl.e list are spoken. 

Please spealt in a clear vo:tce and try to say each scntence 

smoothly, as you mi.Ght in a conversation. If you mal,e 0. mis'hnke 

or misprononnce a ,.;ord, pause and ntart that sentence f.rcm tho 

beginning 0.11. over o{",ain. At this time, pleo.se pick up the 

- ~h tl t 1 1 mouthpl'ece in telephone and hold i t norm~lly ivi v 1e e cp lone . 

front of your mouth and not under your chin. 
I 

The two microphones, an i·rall as the telephone, idll be used 

to recorG your voice. Pod.tion yourself cc'mfortably in fr.·Cl~lt of 

the t\>;o roicrophi:)nes ana nvo,id speakin('; directly into either of 

these two microphones. 

Before '-Te (:0 any further, if you ha.ye any ques ti one, anlt 

them at this ti~e. 

(Pause 10 seconds) 



e" 

.. 

We "lil1 ~ no\·, aok you to say ycar speaker number; please 

ntate your r.:p(J8,ker nu.m.bcr i'ollO"yTine; the tone. 

(Puuce 7 seconds) 

VIe "'ill now speak the sentencen. Remember .to wait for 

me to Gay CEl.ch sentence ti'Tj.ce. After I say the sentence 

t,dce, wait for the tone, then say the sentence·once. 
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The dialect accuracy for the GAE speakers is satisfactorYJ\~th only 

a fei" tokens of (3,eviations. For the Black Urban and Chicano, ho,\vever, the 

accuracy is not as great. It is estimated that approximately one-third of 

these dialect groups sho,\·, significant trend a,.;ay from the classifications. 

These deviations are highly correlated with level of education and job' 

position. 

f , 



DATA BACE III ACQUISITIon 

Purponc and Procedurc 

Datu J3anc III concists of' 51 GAE speakers recorded over the 

tclephGnr! nyntcm, co.l1inr, into the Speech Laboratory from their office 

or lol)()l'a.tox'y 10(.!D.tionn. The 51 speakers ivere selected from the 193 GAE 

male ~;1){~:tl;crn of Dctta Bace II. This data base has as i t8 purpose 

l'l'ovld1nr~ {J, cet of' near real-vlor1d data set for testing the prototype 

oyot(~m. 

OontoncCl M::ltcrial 

The flcntcncc Get used in this data base is the so.me as in Data 

l~o.nc II ~ Tnblc ;'?. 9. 

R()cordil1~ Setup 

'1.'ho l'ccol'dinr; Getup consisted of using the srune Ampex AG440 

rccOl.',Hn{~ r,yntcm Qm~uribed in Section 2.1.3.2.2 and a Bell System 1001 

Dn.tn. Coup1ol' interi'twing the telephone lines to the recorder. Levels 

were <!cmtrc)l c!d usi ng ffil amplifier and decade attenuator between the data 

coupler PontI the rc~cord.cr. 

I{ecord:tng was co.rricd ont using 7f£ :l.ps along with Dolby compand

inp;. Only one h{tlf-tl't1.ck cho..nnel was employed, since no source of ,·;ide 

brul(hdtlth ~jlJeech ,,,no available in this confiGuration. Ampex type 406 tape 

wns o.grdn twed. 

Recording Proccclttre 

A total of' 51 Spct:u~crn were recorded for this data base. The 

. GDcu,1wre Im.tl nI ol~en the sumo sentences on t"70 previous occasions in the 

souml b00th m'ld \.,crc fCLlnilim:' vri th the sentence material. For this reason 

und to lwoid nome tcC'hnical problems, no prerecorded briefing message ~fas 

played to the Gpcalt01'G; rather ~ the selected speakers read the sentences 

:from {l. typed carel. 

Each speaker was contacted in his office or laboratory location 

and asked to participa~e. Upon agreeing, his telephone instrument w"as used 

to call the Speech Laboratory. As soon as the telephone was ans\qered in 

the Speech Laborator~> th~ data coupler vTaS switched in and recording 

commenced. The teclmician accompanying the selected speaker 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 bet\veen 

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

Analysis of Recorded Material 

The overall quality of Data Base III 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 Ivere developed \·,hile 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 studyinB these 

effectf:l. 
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IDE l\1W PAR'.PIT!ONnrG OF DATA FASE 

F'unct:l. onoJ. Orc;anization 

Data Bane I has been uSed for 1) prelitlinary exarl".ination of the 

data, 2) intuition ·training, and 3) determination of the dis'bance and 

oimilm';l ty ntructures to be pursued on Data Base II. The reason for this 

une in p:dmfJ.r:lly pr:..:em!ltic: the data was available when those tasks iV'ere 

in progrcoG. 

Data B..'l.(1C 11: has been used for optimization (tl'aining) and evalu

(I.,tion of' the SASIS. It IS partitioning is dincussed below. 

Data Bace III has been used to examine the degree to whic:h the 

X'~::mltn of the cvalun.tion on the General American English (GAE) found. in 

DatD. Bas(;~ II arc r.;enernlizable to other dialects. 

In all cnDer; the analysis is based on the asswnption that "the 

pHtt(~rn::: uGed to ·tc;at the machines are a reasonable sampling from the real 

J.1.fc! llO!") d of po.i;tcrnJ unci are not binsed tOHard either vrell-formed or poorly

formetl (no;l r,y) pntto1'110" (Highley-man, 1962). 
I ' 

Partitioning of Data Base IT into Design and Test Phases 

The lnudc qucw'bion to be considered is: 

If tho total srunplc s:,ze is fixed, what is the optimum 

pal:'t1 tioning of this sample betw'een the design and test 

phases? 

Tho fo11 oi<Tiq:, formulation of this question vras originally developed 

by lIit,hlcj'luan (1~)G2) und 1.8 kno,.,rn as the H-mcthod. 

1'10 desire to study a particular method. The optimum machine based 

on thin methoil 'rill h:1.vO an erl'or rate, e, Any actual machine based on the 

mot:hod ",-ril.l hnve un 01');'01' rnto, e ~ E'o' Suppose '<Te train the actual n:acl1ine 

\mln~ r~l.l't nf' the G~plc; tC{;t ,.;i th rest of the sample, and generate 2.n 

(~~1"I.:tll;~ttc~ 1.'1' 0, e. Clen.l'ly) e if, n. bia'3ed estimate of e, and 't'l'e l'l.a.y remove 
o 
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The leads to the following reasonably hetlristic definition: 

an opti~um partitioning of the total sample is that 

parti tioning i.,hich minimizes the variance of e . 
o 

i 
If the number of samples available is large enough to justify a 

truncatecl Taylor series expansion of e about its minimum eo' then an 

a.nalytical solution is posr.ible, i'lith certain mild restrictions, 

where there are c parameters of the machine i'li'bh optimum. values ° oi' and 

estimated values 0 .• 

Then 

and 

e:=::::l 

J. 

c 

e -h1,. r. 
o 2 i=l 

e 
E(e) = eo-+i i~l 

c 
~ 

j=l ~
2 ' 

:-~ ~~ E[(o.-O .)(0.-0 .)] 
ov.ov. J. OJ. J oJ J. J °0 

if E(oi)=ooi (the parameter estimates are unbiased) 

then c c 
E(e) = e -h1,. r. r! aijaij 2 

0 i=l j=l 

! 

where 02 e a .. = a .. -' 
oOioO j J.J JJ. 

50 

Cf ij = covar. of the estimates for 801 , 00j 

If (a) m srunples are used to estimate each parameter 
I _ . 

(b) these estimates are independent (this can be assured by using 

then 

different sample for each or by assuring a structure euch that 

the estimates are independent) 

2 1 
Cf .. =0, i*j anda ....... 

J.J J. m 
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t D 

~ 
totttl eet 

oize 

'\111111'0 b :::; tl CClncto.nt doternir.ed by the relations above. 

~ 
tm,t 
oiza 

'Om 
t..;::J 

trrLinin;z 
zize 

thin form, and let 

2 !!.£ -1 
t 

OLher frll;'mul ere:tl'ml involve l'(!peo.tinr; the Ii method id th different 

:mi):~r'k H(J (-L1:0 :r lfil.,;thod) or Jc.mvine out ec.ch f.':f'lnp1.e,in turn ~ in the design 

lll'tWt'nn mltl ur~ tn:'; thn (,'0) 1 c~tion 01' dl1Cle orun!)le evaluations so ol)tained 

tn (·vp.lmd,p thp ::~rf,tmn (tlw 11 mC'tlw,l). (!\'cmo.l, Chonl1rcs!cm'n.n, 1968, Huehes 

Dtrt.,n, r~HH1 II hn,~1 been po.l't:t tioned intlt' 1) 75 ra.ndcrrl spenl\ers for 

t'~'~dn:lll'~ a. lll'(\~f'n~ ~';) the 1'0tlm:il'linf, J18 "llK~f2,1tCl'~' for evul~e.l.tion or testing 

{dv;u~ nn l\,./e 1\11' tha IH:;0thi)~1 of .(~1. Thii: :rtll't1ticnin0~ >,:a~ selected for 

I! 

the follo-,.;ina reasons: 

1) 

2) 

The dn'ba. manipula.tion routines structured for tlle 25 ~, 
spewcers 

of Da.tEL Base I \.,rere easily modified to handle multiples of 
25 speakers. 

The partitioning qualitatively meets the criteria of the 
H-method .. 

r I 



• 
t,tr; flt]fllf~f, f'~'~ ,\ ~,'·r~·~~,'l'!'1 ;!~l ,{;'~~;:::~:%:r~, r:;.!~%(~nt::llt"~j and lr1t!~Jinf~ the acquired 

r, , i ~ r if I:" t:, r' "I ,:~ • li't~t. P!l 1 r' :::: .. 1 t (,,[' the intc2':wti V'e labc!l :i.rl~i procecs is 

f\ ,) L·J ) ,1', ~," 'i" ',. flf :: ~r',':'~,f·1 ~r 3!:(100 r.:'1nu:J,.Uy lauel~d an,l pitch .. 

'll!1 p~' I't J""I' ;i r,;'(:l'l i'l;.!:' f;tc r..nr.Jyt'tc~l ph::'Ge: (:.If SP.sIS 

Ilr ;1' j, 'E ! I lit. ,1: n ... !,:; f~!: n,:! .. ~t ~n UQt::til from thut of prototype development. 

IJ't., I 1 .' ':.' U t't d ! I!.. \.'(! ~·n·~~ l'(~lrull'ed to proce:;n t~ large amount of data in a 

('t'il:~ t?" 1 1'1' :i ,', ",:: L I" m,'l t.},f! IJl'oN:dure dew.:loIA}d "/0.0 optimi.zed for bull:: data 

N'fH,,';'::1tl,'. ' i'!'UV!~.:;;'f!, Gil t.hr: ot111::r hnull, hru:; ac it::.; function the 

1'1}""("': !~, • I't' : r:' i "~1' :,,1:11 "mtr. of' {hi;:,t in open formats and maintaining close 

'lllll' 'It:.'I /'l"V·t'! w' ')<,ill r'''''~'(l!)h'i es pr0(:cdl'~''1 \-;D1 be descrir,cd in two 

r'll'I'~I'::~ tw' tl""'~:ll'~ tln· ,1r;:p'!nT/ll"'ntn.tiol1, Dofti'lO.l'c, and data managem€.mt 

Wl!(,,·t;:~ tlld u;·~ niLI',' tl1~·,('u.Gl.::inl~ the proc(!clura1 and oporator dependent 

• 

This task "lCf-: carried out 

tU~~],,'1 t1:r·'f"'~ (Tit·'},l tH(;it;al r;pectral <1.nal~rs:tG, 

J'hfl~H't' \' f'·;('t.~; l'I'f'm.'elWQ 1 nv(mt("ll';!, nnli 

3.L1 Sentence Digitizing und Editing 

Digitizing and editing the recorded uudio sentences is the' 

process in which the data buse sentences nre conv~rted to di~ital form, 

and all extraneous audio and silences are edited out. The product of 

this procedure is a binary digital mrtenetic tape ivi th upproprio.te label 

and sample records for each sentence. The formant of the digitized 

sentence tape is given in Table 3.1. 

3.1.1.1 computer CCl'~ficurntion 

The digitizing and editing procedure involves tihe hard\'l'Ure 

confiG'J.ration shmm in FiGure 3.1. This coni'iC1,lration involves a. 

digi ti zinc section, a playbo.clt and editing s cction, and a recordinG 

section. 

The dlGi tizil'lg Gection recei v'~s prerecorded uudio from the 

Ampex audi0 recorder. The telephone chalUlel audio is emuloycd in all 

SASIS processinG and is passed through a lmrpass filter and a C-2 

telephone channel simulator. The l~'Pass filter charac'beristics 0.1"(: 

given in Table 3.2 and those of the channel simUlator in Appendix 3A. 

The audio signal level is adjusted via a variable aain ompl:i.fiel' made 

up of a 20 dB runplifier and a decade attenao..tor. Signal 1evelo are 

'monitored on an oscilloscope in order that the ann.log-to-d1t:ita.l (AUe) 

converter range (::1:5.0 volts) is not exceeded. ~le channel of stereo 

headphones is also driyen by this sienal to permit the operator to 

monitor. 

The audio signa.l is srunpled through multiplexer (MUX) channel 0 

and the ADC. The software controllinc these functionr. ha.s the capability 

to sample two ~hannels, MUX channel 0 and 1, aimultaneousJy, but this 

feature ,,;as not employed in the current BASIS progr.run. The SEII 8600 CPU 
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Here, 0.13 in 0.11 subsequent data. entry points; an erl'Ol' ,COl'l'ee'c:tc"n ()!,til--n :tc 

avn.ilnblc to the operator for micta.kec in cntry pal'::.mctel'c. 

Next, the soft,,,nre requccts the defo.ult Iml'0lll(3t('ll'G of' clc.to., 

speruwl' number) dio.lc~~t ~ gl'runnatic~l Gource, o.m1 uttcr.::m(~e (fh;m1:ton 1 01' ;)). 

These fixed pa.rrulleters o.re pl::~{'cd in the digitized cNlt;t:n('c l~\hcl until 

they arc mOdified. 

The Pl'OtP.'OJn is thtm l'E~().dY' fOl' c. crullplc cC':::m~Utl. ~\hln IK"Iint :tll 

the soft~mre is the rt~t\U'l'l pl'f.ll tion i'li th the ccr.'llnnd, tho ADC bc!":tn:.:; to 

srunplc untiil 6(1000 Grunplc:n urn o.cquircd (~t Q, 6.8 hH:: rat('~, The llatu. :to 

double buffored in core nnu then output to the buff'{'l' tape. FOl' J.utl'l:'''' 

mcdin.te store.go the s[!,mple cOr.l."ll:.l.:ld is :tsGued pri~)l:' to th~ sentmwe O(~CUl'rt·tWc) 

and na.YllpJinc contil'lUt!.s 8.8 socondn, so an to incltHlfJ the ~ct!tf'tWf! uttcrcm'(~. 

Next an runpli tude con,tour in d'1spl~l.Ycd. on the CHT 

shmTing the broad bund cnerry 1:n the dig:iti~cd l'cc()rd. This cc')utmu' in 

computed every 128 nrunplc~o (18.8 nlGcc) o.ccol'd::'n~;: i.e t1~c u:, • ./;;:",,,,~;~;l on 

1 
128 

1+127 2 
r. c(lt) 

k::.i 

The CUl'oor then c.ppeo.rn nupc:cimPOl:.H;U on tho runpl:l tuc1(! contc)ur. 

The olJCl'atOl' $p~c.ti'i(HJ) v.la lwybo~'.l·d ontl'r, Hiwtbcl:' tho, curnol' i r. to 

specify the Gtl1rt or elld bounuury of the ncor,nnt to be int::l{lt:l~\l. 

Once I:w.ticf'icd \'1l. th 'cho (ml'::;(~l'· Jei'JncJ h.mwlari.en) the OPOl'~\~;('l' 

iCGUI';.!G tho c(!ntcnee nmnl)er. The cclcf'tcd Sc;~;~(mt or a.udio on the 1,ul'f'er 

to.pc io tro.nsi'eI'l'cd G.lrlll'j "11 til 1o.b1 c int'ol·m~~:t:l.on '1;0 the output i;ap~. 

Typicp 1] y) r:OO sentcnCCG [".l'('! icjtol'cd on 0. 2400 I output tape bci'ol'(: c{'.l'nd ty 

is rcuchcu. 



• Dinplay Dieital Spectrogram , . 
The nc:xt opqro.tor processing step, follOl'ling sentence digitizing 

and cl!:tt:tng, 113 il'lteractiv(! phonetic event labeling. This It:tbeling requires 

that a d~.Ci tal tlpuct;rQE:;l'<?.ln be displayed on the CRT froml'rhich phonetic . 
evuntn are cel ccted. An D.utom(~tic process ing step is inserte6\ beb-leen the 

two :inturnc:i;i vc prf')r;rams to provide the spectral inputs to the labeling 

proGl'nm from the d:tg:ttizccl sentences, "':1e spectral data from this pro~ess-

ing ntep arc UGCU only for the Jisplay and are not employed in "\~he feature 

extrp.ctiGIU or any subsequent SASIS proccs:Jing. 

3.1..?.1 Amplitude Normalization 

In the ann.1YI:1:i G p~vcessing amp:Litude normc.lizution is carried out 

em th~ sentence banc. The ti.me-domain sentence array is normalized ,'Ouch 

thrJ.t the average mac;nitude of the stressed portion of the sentence has a 

reference value of 6000. This process is carried out using a combination 

of pcd~ !tud menn-val uc mnpli tude normalization and is defined as fol101'ls: 

MAX = Maximum magnitude of signal over sentence 

. A = Avcrage value of samples ,.,hose valae exceeds 

MAX/l~) i. e.) non-silence speech 

Ie ::: Scale factor = 6000/A . 
St = KS t t -= 1,,, 2, .•. , If samples 

3.] .2.2 Spectral AnaJYDis 

The diGital spectral analysis is carried o~t'using a Hanning 

windo'\v on a l28-point (1.8.8 msec) discrete finite Fourier transform (via 

l"F~) • A nc\oI' transform is s tnrted every 64 time stunples (9.4 Insec), pro

vidil'lC a 50 percE'nt 'Jver1np beb-leen successive epochs. 

r i 
i , 

1 ' 

i 

" 
',' 

The Hanning ,.,rindOi., function for the FFT transform is computed 

as follo,\.,s: 

i == l} ••• , x 

x = lenc;th. ,of epoch (J.28) 

Each spectral 'sample from the FFT is squared, producing a 

'poYler spectral array" P
k

, and is channelized. Each channel is then 

logged,pre-emphasized, and expresse"'.. in i- dB units. 

The' channelized spectral measurement is computed as 

. END. 
I: ~ p - 80 + 4 preemphasj.s 

k=S'l'ART Ie 
i 

The start a'ld end! boundaries along I',i th pre-emphasis coeffiCients 

are given in Table 3.3. 

An amplitu.de con'bour is computed for each epoch and is stored in 

cilannel 32, in i- dB units of the output array, as 

A = 40. loglO (~ ~ s;) ... 140 

J.=l 
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23 
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Table 3.3 

BOmmARY SPgCIFICATIO!TS POI{ SASIS DISPLAY SPECTROGRAM 

Channel Bour.darlcs 
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Interacti ve Phone'bic Event Labeling Procedure 

The purpose of the phonetic labeling process is to extract from 

the digitized sentendes a set of three-pitch-period i'Taveforms representing 

t.ol~ens of phonetic events spoken by different speakers. This process is 
I 

car.cied out in t,",o phases, the macro-phase and the micro-phase, using the 

interacti ve graphics capability of 'hhe SEL 8600 compUter system. The macro

phase has as its function the labeling of phonetic events in the sentence 

based primarily on"a spectrographic display. The microphase displays 75 

msec surrounding each labeled event in the time domain for manual pitch

syncronous three-pitch-period segmentation of that phonetic event. 

3.1.3.1 Computer Configuration 

The hardvlare configuration to carry out interactive phonetic 

event labeling is shoi'ffi in Figure 3.3. All input data is received from 

the spectrally processed input data tape generated ,dth the process des

cribed in the previcus section 3.1.2. This tape contains both the time

domain signal and its f]?ectrographic representaJdon along vii th appropriate 

speaker, sentel1ce number and other label data. The output data is passed 

to the disk for intermediate storage 'until being transferred onto an out

put tape in a separate program. Thj,s configuration permits assigning only 
I 

one tape unit to the program thus leaving the tvro remaini.ng units availa'ble 

for conctu~rent programs under the 8600 real tim.e monitor. 

The interactive graphics Jverminal conSisting of the CRT, keyboarcl, 

and cursor control along ,.,i th a DAC 'audio playback Elnables the operator to 

carry out labeling. All communication with the system is carried out throuGl~ 

this interactive graphics terminal. ! 

3.10 
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Figure 3.3 Hard' .... are Configuration for 
Interncti ve Phonetic Labeling 

~ 3.1.3.2 ~~crophase 
FollOiving initial program start-up in i'l11ich the input tape is 

verified, the first pha,se of labeling is the micl'ophase. This phase on 

the CRT enables the operator to identify positions on the sentence 

spectrogram as being the center of Cl desired phonetic event and to queue 

this position information for later segmentation in the microphase. 

Figure 3 .l.~ shoivs the CRT screen as it appears durinc the macro

phase. From top to ?ottom, the screen indicates the options available 

to the operator, and is followed belOi .... by a record of the individual 

instructions issued to the system during this fra~e. Next down is a 

record of the triad BX ElI VX, [bEV], from the displayed seGment ffWHP.N 

BEVERLY COO .•• ", ' .... hich has been labeled. Sentence label. data from the 

input tape are next displayed. Next dOvm is the amplitude contour, and 

belo' .... it is the 122 spectral-time sample (STS), apprc-ximately 1200 msec, 

spe(!trogram for this frame. Superimposed on the spectror,ram is the cursor 

along vrith the entered tri:ld label and a correlation ro.nldng of the top 5 
most likely events according to correlation with reference phonetic events. 

The derivation of theBe reference events ivill be discussed in section 3.1.4. 

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-Dlsec ,~, 00 msec seQ'llent surrounding 

the cursor, 

displaying the top five correlations, 

o accepting the cursor position and enterine; a 

triad label, and 

exiting the macrophase o.nd entering the microphas~. 

3.12 
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In labeling, the operator makes use of four information sources 

to determine the position and i4entity of a phonetic event. These are 

the spectrograms, audi0 playback, correlations, and the ~~plitude contour. 

He makes his decision and enters the phonetic event label along with its 

t~o adjacent neighboring events in the form of a triad. This triad label 

information, along with the sentence label information from the input tape, 

is' carried through to the output file, maintaining ijraceability tlU'O\lgh 

the· eniire SASIS process. 

Microphase 

The microphase operates on the queue of labeled phonetic events 

from the macrophase and provides the operator with the facility to segment 

the time-domain audio waveform. 

Figure 3.5 shO\"8 the microphase corresponding to BXEHV'A: labeled 

in It'igure 3.4. The operator specifies if the cursor is for the start or 

the end of the segment from'the 75-msec time display and isolates bhree

pitch-periods. He can playback the segment concatenated 10 times. This 

gives approximately 300 msec of sustained sound to verify the label after 

which he either accepts or rejects the token. If accepted, the token is 

formatted along io[i th 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 microphase, 

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

Correlation Reference Inventory 

One of the labeling aids at the disposal of the operator durinG 
the macrophase is display of the top five correlations betw'een the current 

STS spectral vector and an inventory of reference spectral vectors. The 

spectral vectors being correlated are the 28-channel display vectors ,·,hich 

ma1~e up the macrophase spectrogram. The correlation carried out is defined 

as: 
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c. = 100 
J. 

where S is the spectral vector being compared and the R. are the reference , J. 

spectral vectors in the correlation inventory. 

The correlation inventory was assembled prior to the development 

of the interacti VE!l labeling softi-rare. The procedure employed made use of 

a digital spectrogram in har.d-copy fol"m and a clustering algorithm. A set 

of token STS's for each phonetic event. was manually labeled on the spectro

gramE and position information was passed on to the clustering algorithm 

for final inventory generation. 

3.1.4.1 Digital Sound Spectrogram 

For purposes of analysis and labeling of the referent correlation 

inventory, digital sound spectrograms were p~oduced in ha~d-copy form using 

, the graphics capabilities of the Gould 4800 electrostatic printer. An 

'exrunple of the sonogram for one utterance is provided in Figure 3.6. 

The sonographic representation employs seven gray levels (including 

non-print). Dens:j.ty characters are encoded into an 8x8 grid in such a manner 

as to produce an image possessing half-tone characteristics. Spectral s"Teeps 

are generated by a discrete finite Fourier transforms procedure (Section 

3.1.2) at 9.4 ms intervals; however, the analysis interval is overlapped to a 

dUration of 18.8 ms. The number t.:f spectral positions used is 28, covering a 

frequency range of 300 to 3200 Hz (pre-emphasized to a maximum of 33 dB at 

high frequencies). A time aligned amplitude contour is directly calculated 

as a function of bhe energy at the samples of the time sequence and is dis

played on the sonogram in 0.25 dB units • 
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3.1.4.2 Clustering Procedure 

ApproXimate:ly 1000 tokens for the vowel events, /i/, /I/, /e/, /a/, 

/a./, /0/, /u/, /~/, /3'/, /11./, and /e/iV'ere labeled from four speakers on 

digital spectrogram~. ~he nasals, /ml, In/, and /D/ were not entered into 
the inventory since they are e~sy to identify aurally. 

, 
The tokens for each phonetic event were clustered into five groups 

and the average of each group 'was entered into the corre,lation inventory. 

The algoritlnn for grouping a large number of tokens into five clusters is 
illustrated in Figure 3.7. 
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3.2 DATA BASE LAJ3ELING 

This section deals with the procedural aspect of acquiring 

approximately 35000 labeled phonetic events using the procedures described 

in Section 3.1. This section will addr~ss digitizing and editing, labeling 

and segmenting, and error correcting proc,~dures. The last subsection gives 

a breakdown of the resultant data collected on a per speaker, per session, 

per event and per triad pair basis. 

Digitizing and Editing the Data Bases 

A total of 5640 sentences were digitized and edited from Data 

Bases I and II. The majority of this processing was carried out bya 

technician, since neither the knmrledge of acoustic phonetics nor the speech 

process is required. The procedure used by the operator was described in 

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

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

~he 'throughput rate using the intere,ctive procedure was 20-30 sentences per 

hour, 

The audio tapes, containing 40 to 50 sentences per 1200-foot tape, 

were digitized at the rate of 200 digitized sentences per 2400-foot tape. 

In total} 29 digital 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 Art:i.culation 

Each of the sounds of English can be assigned to one of 

several categories in accordance with its manner of articulation 

(Table 3.4). These subsets I:'lxe: l) vo,yels vocal cord excitation 

with little obstruction of the oral cavity; 2) fricatives - almost 

'botal closure in the oral cavity; 3) stops - total closure of the 

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

Qral cavity and opening of a path to the nasal cavity vlith vocal 
. .' . ~ 

(J 'Ii,. 

; I 

, i 

e 

TABLE 3.4 

The set of sounds possessing phonemic significance in IPA ~ym~ology. 
Those events which would be found only in a narrmr transcr~J?tJ.o~ are 
not included. An example of the pronunciation of each phonome ~s 

, provided. 

STOPS ASPIRATE 

P pot h he 

b be AFFRICATES 
t to 

tS church 
d do 

juclge d"3 
k key 

g go GLIDES 

w we 
FRICATIVES 

1 let 
low energy 

rob :r 
f for j yet 

v very 
NASALS 

e thin 
n not 

~ then 
m me 

high energy 
11 sing 

s see 

z zoo 

S she 

'3 azure 
'0,.\" 
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VOWELS 

i eve 

J: it 

e: met 

·ae at 

a ask 
0.. f~ther 

p not 

v all 

0 £bey 

v foot 

u boot 

3' hurt 

9 ~bout 

1\ but 

DIPHTHONGS 

er. say 

a~ I 

"I poy 
(2V lout 

ov igo 

:tv . ne"r 

• 3.21 

. . 

.. 
cord excitation; and 5) glides - continual movement of articulatory 

. organs with vocal cord excitation. V~~els, nasals, and glides, 

exhibit a well defined formantl structure in the power spectrum. 
, 

stops are noted by the total absence of energy at all frequ~ncy 

regi.ons except perhaps at the fundamental frequency and some multi

ples thereof. Unvoiced stops, in particular, may have aspirat:ton 

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 cognate pair). One 

i's voiced and the other is unvoiced (Table 3'.5). For example, /f'./ and 

/z/ are articulated at essentially the same place (lingua-aveolar 
_._. , ". " . I .. " ,'. . , .. 

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

vOicing. 

The shape of the spectrum of a phonetic event is 

related primarily to the dimensions of 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 ,~ith long vocal tracts:?' have low 

formant frequencies, and conversely. Therefore, people should have 

some,'lhat dissimilar spectral characteristics for the same phonetic 

articulation. Although a strong association does exist between a 

LFormants are local maxima found in the pmrer spectrum of a phonetic event. 
2 

Average vocal tract length for the adult male is 17 cm . 
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TABLE 3:..5 

Cognate pairs of fricatives and stops 

FRICATIVES 

Voiced Unvoiced Place of Articulation 

f v labio-dental 

~ e lingua-dental 

z s lingua-aveolar 

~ S lingua-palatal 

STOPS --
b P bilabial 

g k lingua-palatal 

d t lingua-aveolar 

3.23 

e 

I 

\ 
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person's physical characte~istic's- and his/her acoustic productions, 

the spectra from two tokens of the same phoneme of the same speaker 

can be quite different l'lhile similar to that of another speaker. 

With reasonably high probability, though, inter-speaker distances 

exceed intra-speake~ dis.tances when a decision j.s made upon an 

appropriate feature base derived from the spectra. The causes of 

intra-speaker variation Trill be discussed in Section 3.2.2.3. 

3.2.2.2 SASIS Comparison Sounds 

Comparisons in the SASIS system are made only from vowels 

and nasals. These classes of sounds are used because they provide 

good speaker discr~nination 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 v~.,els and nasals 

when contiguous to them. 

The possible vOI·rels used in -I:;he SASIS system are indicated in 

Table 3.6 ani en the vOI'lel quadrangle of Fig. 3.9 which represents 

the position of the highest poin-I:; of the tongue. The left side (")f 

the quadrangle refers to the front of the mouth and the right side 

corresponds to the back. Similarly, the tcp refers to a high 

posi tion of the hump of the tongue and the bottom to a lov, position. 

For example, /i/ is artiCUlated 'Iori th the hump (highest point) of the 

tongue l'lell forl'lard arid close to the palate. Each of the positions 

on the vOI'lel quadrangle represents a steady state articulatory 

target position. +t should be apparent that there ax'e, in fact, an 

infinit.e number of vovrels that can be articulated; h0i'{ever, in the 

S.ASIS system it is convenient to catego:rize all vowels into the 

ten of Table 3.6. Diphthongs) ''lhi9h have two targ~t positions '" 
I , 

will not be used for comparative purposes irl the S.ASIS system. The 

sounds in this category are given in Table 3.4. 
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TABLE 3.6 

Vowels and nasals used for speaker comparisons in the SASIS system. 
Alphaphonetic symbols and examples are also provided. 
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Quadrangle indicatina the a~ticulatory 
positions of the vowel types employed 
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Nasals are not usually :-epresented by a chart. Their production 

involves the closure of the oral cavity at some point and the opening 

of the path through the pharyngeal and nasal cavities. Like vow'els, 

, nasals exhibit a well defined formant strl1ctUTe; however, ,'ri th the 

linear predici ti ve technique of spect:l:'um analysis used in SAS':S, their 

true formant structure may "Je distorted due to the presence of zeros 

in the overall transfer function. 
.. 

3.2 .. 2.3 Acoustic Description 

Events of vmrel ~nd nasal type typically exhibit three or 

foUT formants (maxima) in the frequency range of 0 to 3000 Hz. 

Generally, the amplitude of formants will decrease with 

increasing frequency; hOI'rever, 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 channe1. The frequency range on which the SASIS comparison 

.- is based is 300 to 3700 Hz. In practice," the telephone channel will 

cause very significant attenuation belmr 500 Hz; therefore, the 

fundamental voicing component will be well reduced in t~plitude. 

A sufficient fUndamental component usually exists though for the 

,delineation of pitch period$. The dynrunic 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 

spea.1\'.er can vary across utterances in accordance i'1i th the time 

posi til)n at i'1hich 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 

vrn'1el spoken by the same spea.1\.er in isolation. Nasals, however, are 

not as heavily influenced by context. Formant transitions into and 

out of a vOTiel tend to, ;-~ prolonged ami gradual i'1hile those involving . 
a nasal are quite Z'?ptd". The effects of coarticnlation are such' 

tha:: clifferences in position of articulation c..nd thus formant 
A' W'" 

" 

structure beti'leen two contiguous events tend to be reduced i'1i th 

vowels exhibiting formant structUTe 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 
i 

can be found. Asl a result of the coarticulation process, the second 

formant of the vowel will tend to move, in f'requency, clos er to the 

positions of the loci Jf the adjoining consonants. The effects of' 

context m'.'e typically greater on the second formant than on the first; 
, , 

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

i'lith the direction of the shift opposite to that of the second formant. 

The magnitude of the shift and the trajectory of the formants is 

a function of the vowel and its contiguous components. Generally, 

front vowels are less influenced by context them are the back vowels. 

For example, the Iii is relatively insensi t,i ve to context i'1hi1e lui 
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 VOi'1el in isolation, may not be attained. Further

more, the point in time at which the spectrum is most similar to the 

spectrum of the vOi'1el uttered 'in isolation may be, the point at which 

the rate of spectral change is gre~test. Spectral analysis in this 

region will therefo~e result in frequency smearing. Mean position 

information for the 'first three formants of vOi're1s and nasals is 

provided in Table 3.7 and second formant loci information for stops and 

fricatives is given in Table 3.8.Some.examp1es of the effects of con

text are illustrated in Section 3.2.3. 

Syntactic st.ructUTe can also'influence the acoustic structure of 

a vowel or nasal thr~ugh prosodic! factors such as:st~ess and intonation., 

Usually a 10\'[ degree o'f stress is, physically manifested by reduced 

energy levels, 10i'1er :fundamental frequency, and ",hQrtened duration of 

an event. Fundamental frequency may fluctuate as a result of varying 
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TABLE 3.7 

Mean formant positions for event types employed in the SASIS 
comparison. Vmrel frequencies are based 011 the results of 
Peterson and Barney (1952) for h-d environments. 

VOWEL Fl F2 F3 

j. 270 Hz 2290 Hz 3010 Hz 
I 390 1990 2550 
€ 530 1840 2480 

Ee (a) 660 1720 2410 
a (p) 730 1090 2440 

n 570 840 2410 
1.T 440 1020 22LW 
't,.1 300 870 22L~0 
'3' 490 1350 1690 
A 640 ,1190 2390 

NASAL 
m 290 950 1300 
it 3bo 1050 1450 
11 350 1050 1900 

. -

"I)-~ 
'.::! .. , 

fit , . 

I 

TABLE 3.8 _ 

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

STOPS 

P,b low 

.. ~"g variable 

t,d high 

FRICATIVES 

f,v low 

8,z middle 

s,z middle 

5,3 high 
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intonation contours and consonantal context.. Usually, a vowel 

embedded in a voiced environment will have greater duration, a lower 

fundamental frequenqy and greater energy than the same tyPe spoken 
in an unvoiced environment. 

I 

This review df acoustic phonetics is representative but not 

c'omplete' with regard to useful background information required for 

accurate labelling. A l'eading list covering a more extensive range of 

topics in acoustic phonetics and speaker identification, has been compiled 
and is presented in Appendiz 3E. 

Labelling Procedur'~s. 

Labelling Funct~ons 

The function of the labelling program is the 

extractio~ under operator direction, of records of the time 

waveform from those phonetic tokens which are considered 

appropriate for comparisons betvTeen speal\.ers. 

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 isolation and identification 

of the phonetiC events under consideration. Instructions with 

regard to the display and processing of information are inputted 
! 

to the computer through a keyboard. 

The labelling process consists of ~fO alternating 

phases wh:lch are called niacrophase and microphase (Figure 3.10). 

In the former, a spectographic representation (frequency range: 200 

to 3200 Hz) of apprOXimately 1.2 seconds is displayed. The 

sonogram is generated Py a successiqn of Fast Fourier ~ransforms 

taken at apprOXimately 9~4 ms intervals. Each amplitude value in 

the spectogram is quant~zed into seven gray levels including 

blank. The quantization levels are adjusted for optimum discri-

mination of vowels and nasals. Low f' t· / / energy r~ca ~ves f, v, 8, ~ . 
as well as stops, may appear as blank regions~ Adjoining 1.2 

< \" 

I 
I 
I 
\ 
I 

\ 

second spectographic sections oi'the utterance can be displayed 

by the appropriate inputs through the keyboard. A time-aligned 

amplitude contour representing total energy content of the speech , , , 
waveform is displayed above the spectogram. In addition to specto-

graphic and amplHuqe i~ormation, an identification header is 

shown on the screen during mac:r;ophase •. ' 

As a means of j:301ating and identifying events,: a vertical 

cursor is superimposed over tee spectogram and is positioned by the 

operator to a desired point in timeb~ a thumbw'heel cont~o1. Through 

keyboard input, the capability exists for the audio playback of a 

100 ms or 300 ms section of spp.ech centered on the cursor. A large 

section of the utterance may also be played back given the appro

priate :input. Prov~.sion exists for the generation and display of 

those five phonetiC types 'ifhich achieve the greatest correlation3 

with the time position over which the cursor is located. The 

associated correlation values XlOO are also provided. Tentative 
4 acceptance of an event is made by inputting the phonetic triad in 

, 

w'hich the des ired event is centered. 

In most cases, it will be found that the energy content 

of vowels exceeds that for fricatives and nasals. Within a vOlfel, 

the amplitude will vary over time to some degreej however, forma.nt 

pOSition rather than the maximum in the amplitude contour should 
I 

determine cursor position. In the situation of a vowel beween ~·ro 

consonants with both second formant loci either higher or lower than 

that of the vowel, ,the formant of the vOlfel will possess 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 t~rget states at this point. For 

the situation of a higher loci on o~e side and a lower 'loci Ol'i the 

3 Correlation be'l.,·reen tvo spectl'al vectors is computed to be the 
cosine squared of their angle separa tioh, e:>"'Pressed in percent. 

4 A triad is defined as a triplet of three consecutive phonetic events. 
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other, the formants will tend to pass through their target positj_ol1s. 

Uncertainty in Positioning the cursor is greater for this condition; 

therefore, it may be appropriate, if identity of the event is not in 

doubt, to employ the correlations in determining the position 

approximating the target region. USing the fou~' sources of infor

mation (spectogram;audio playback, amplitude contour and correlations) 

the desired events for a frame are identifl-ed and t t t 
en a ively accepted, 

whereupon control is passed 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. F:ach sequence, as displayed on th~ screen, 

represents the sampled time i·raveform centered around the previously 

selected cursor position. The three pitch periods are delineated 

by two cursors under operator control. Pl"ior 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 

'\:;he cursors (concatenated ,ten times). Readjustment of the cursor 

positions may be undertaken if desired prior to acceptance or 

rejectiol::'., Following the processing of all events in the buffer 

for that frame, macrophase is automatically returned to and isolation 

of events continued. 'The alternation between the two phases of 

labelling continues until the entire utterance is examined. 

, , 

Techniques for Event Isolation and Identification 

The purpose of this section is to describe certain 

phonetic situations that may cause difficulty in the consistent 

and accurate selection of phonemes and in associated pitch period 

extraction. The techniques discussed below, in no way, cover all 

of the labelling situations that may be encountered but rathe~ 
concentrate on those which 8.re frequently experienced. 

3.33 

j 

i j 
I' 

r: 
I 

• 

• 

It is worthwhile to briefly' consider the ,issue of event '. 

selection from the vie'i-rpoint of discrimination abi,lity. In many 

investigative/forensic situations,the amount of sp.e:ech material 

available for comparison ,vill be limi ted parti~ularly ,\fi th regard 

to the criminal (basis) utterance. However, in tnpse cases in 

which substantial data exists, it may be,'useful to limit, to some 

extent, the types of events to be used in the comparison. If the 

phonetic types being compared are 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 5 

speaker discrimination. Even in such a text dependent comparison 

as used in the BASIS system, certain contexts are desirable to 

others in minimizing formant transitions into and out of the vovTel. 

It is generally oesirable 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 vOioTel. 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 

I insensitive to the effects of environment. Furthermore, the formant 

transitions into and out of nasals are quite rapid "Tith the quality 

of the nasal itself relatively stable with time, although of con

siderably less energy than v~fels. A vowel in the environment of 

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

vowel or generation of an additional peak in the vicinity of that 

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

a vowel in such an context. 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 

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 fa~tor' 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 str~ss. It should be noted, however, that 

stress is a perceptual entity involving temporal duration, 
i 

fundamental frequenc'y, and energy; thus, seemingly high stressed 

events may not possess the energy content that they subjectively 

appear to have. In declarative sentences, stress may become quite 

reduced in the terminal portion. Events from this regio~ should 

be selected ivith care. It is also to be noted that events vrithin 

a voiced environment will typically have greater duration and 

energy with a lower fundamental frequency 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 t.hAn 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 /i/ is often substituted for /I/, /u/ for /v/ and //\/ 

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

the part of the operator to label an event in accordance ,vi th vrhat 

should have been said rather than by what 'fas actually generated 

by the speaker. It is important that the operator, in making 

claSSifications, separ~te, in his mind, the acoustic production 

of the speaker from the spelling of the enclosing word and its 
usual pronunciation r 

In .making decisions concer~ing phonetic id~ntity, 

agreement between the subjective judgment as to event type and 

the highest ranked even,t of the angle correlations is d~sirable 

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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r.'ir;ure 3.21. 8e.lc..:;tiou of the /ut! in "mLLe" • Fi:;ure 3.22. Solection of the /n/ in "f:iftr;fm" 
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Fim.tre 3·23. S(~lcction of the /1/ in "pcddlinSIt 
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Fii~;,tre 3.24. Exn.mp1n ()f t', x'elativcly ~),pc:d.)(]:l(~ I:.' 'in "::1'l"nrt}" 
Thi::; token should be excltlued frc·r.l e(~mI .. ';·ri:1cn. 
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• l'j~:J.mp1e ,"If n },f][l'li'1.y 

Tb:':' t. 'kon Ghlli...1d 'bu 
(~\'mpm:'l~' l)n. 

T'.;n ~,,(}l<:'f.m:; ('1' thn type /n./ frnm trW l:nmr' l'T·(::~.l;',c 
:'!'nm dl :'fc!'cnt ccntextr.. !T(lt(~ the v:"l':':' t1()~H: iH 
t"(\l:'rrl'·~Jlt :tj(~~1 ti nns . 
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Jt'oj ,':U!'l' '1' 'c.'1. ~~uhGbi tuti.nn (')f' /n/ for I'Q/ and rUGl tin ('1' t\vf.) 

(l.djacent muml s b;f a. ~lpeG.kcr of the 11.1 ["~lt 
dialect. The phraG(~ is "pedd1int~ rw.rcct:i \'::." 

J' 
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~~ul):1ti t~tj.O!1 !,t:1' /~t, ,~."?~ /(,' 11;." :q :·Pf.~'~i:f~' f".~\ 1~}H~ 
bJuek dirJ.lefP~:;. The: 'pl1r:lnfl :1~1 "fo.~ l.~rLrL~:.t • 
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y.':iqUl'P 3.2<). Substitutlc'lll of Ivl for h'l b.l a f'lpeulwr of the 
b1ac.k dialect. The phrase is "shipped the circuits," 

Fi.;:lrQ '1.30. 2Ub:1tl tutic·n of IA/ for /~)/ ~.:! It !;pl.~n.k"f· u:' t:h(~ 
1.~ex:i can-Ameriean din,lect. The phra:::e 18 "the 
I,onil: Beac h Dock." 



Substi tuti(;n of IAI for le./ by r~ :;p(!o.k~!' of tIle 
Hexi ell.n-l\.meri can cd alect . The pill'ase i::; "Dad 
i~ ~fJing.tf 
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f',ub::::t.i. tution of Jr.1 f'or la/ b:r a cpeD}~er (l[' tri(~ 
Nexicnn-American dialect. The phrCl.se is "the 
cah:ln and "lCre." 
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its absence from th(1 five crer.d;'2Gt corrE~b.tions. Tn [dtul1tiorw 

in which a hiBh lev~:l of noise can bo f()'md wi thin th0 acou:::th~ 

structm'e of the event, ho~·,cver) it in 111)II1'opriD,tc to pl'lC0 more 

emI)h~s is on the indJ.ccttlonG given by the correlat ionG. AnoUF'r 

point to Le noted is that a Guu(J.:m but brief drol) in ('ncrgy wiD 

be found in noisQ:['ree events at the recLon at i{hi.eli j.t is dc'sil'f:.,d 

to position the cursor. Exarnln8.t.ion of thu time Wil.vc.cUrLYl ill 

microIlh:J.sc: ll1D.y indi.c~ttc the c}c;:;irabil.:.ty UJ.' re~jccti!jC': ttl'.> ('vent 

due to cro~;s variattons in cl1'~rcy and. Gpretn'.l content at that 

point. 

wh:i ch c~~n br: 
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3~2.3.!~ SASIS Sound Discrimination Example Tape • ::q 
An audio tape ",as generated (7~ ips; NAB) 

. . 'Cf.J "'hich contains the ..s:: ~ 00 
examples of Section 3.2.3.3. The entire sentence for each eXample is pro- ori :x: 

f=l 
'd A 

vided. The order of the sentences is the same as that of the examples. 0 8 bO 'd 
s:1 :x: f:i There are several examples which were derived from the same sentence. For -r! A 

~ ~ 'l:I 
"'d 0 +' ~ the sentence is repeated. :;:$ /:j +,l ~ 0 ::r: these cases, PI 

~ 
..s:: 

~ 00 'Cf.J I 
0 , , I 

Three dialects are represented the tape: 00 -r! ~ ..s::' on General American, 1\ • .s:l :;:$ +' 'Cf.J () 
0 ~ «I .r! () H ~ ~ Black, and Mexican-American. The speech of the tape consists of phonetically «I 

~ 
:;:$ ::q 'g f.:r.1 
~ o<J.! ~ ~ H ~ diverse sentence material read by seven speakers in a soundbooth. In actual 0 ct-i (1) 

~ 
(1) 

~ .G-/ 
+' ~ H c.) (1) 

f=l ~H~ .operational situations it'is anticipated that the rate of speech and the (1) .r! ttl 'd 'g ~ oo+' 
(l) level of noise will be somewhat greater than manifested in this data base. ttl (1) 

~ 00 H p::j§ 00 
~ ~ 

(1) :x: ~ ttl.J:l 0 H 'Cf.J :>, 
3.2.4 "li3~ 0 ~ 

(1) f.:r.1 .p (Xi Lexicon C) 00 f.:r.1 H f.:r.1 A..s:: «I :x: .r! ~ G-/.£f (1) 'Cf.J 'd 0 C) As an aid in the labelling of Data Bases I and II, a phonetic o «I .p 

bO~ .... ~ 
labelling map (lexicon) ~ ~ A \Vas established. The purpose of this map i'las 

'~I 
H ·ri I'-t ..s:: (l) ~ -r! 0 § 'Cf.J +' ::r:: ::q .s:l 'Cf.J ' . H S<r! i2 'rl f.£l o<J.! .p ::q threefold: (1) to limit '\jhe labelling of each speaker to the same set of eM. H6+' 00 ::: p::: A (V «I >-' 

.0 ..s:: -r! :;:$ :x: 'Cf.J 
.:>, tI.l 'Cf.J 'l:;riads, allowing for free variation at a position, (2) to enable the inclusion, . ml «I 00 H 

,0 
H 00 ~ 'd ::r:: 

:~ H (1) 'Cf.J 'd in software, of triads resulting from free variation, and (3) to expedite the (1) 'r! (1) ..s:: ~ (1) 
~ .s:l eLI +' ~ 00 'Cf.J q:j .p+'(1) 

~ ~ ::q human factors aspects of labelling, particularly \·ri th regard to rapid label 00 f..t 
::.:~ rH o<J.! ~(1)G-/ 

§ .~ IV «I ~ oMH 
~ ..s:: ,.0 entry. Each triad is represented in the lexicon by the alphaphonetic characters (1) (1) 

'd +' rd+'H 9 00 (1)~,.a 
«I that· are used for input to the keyboard. The lexicon of Data Base I is given 00 'r! 'r! 00 rd l:ij ::: :;:$ 00 'r! (1) o<J.! ct-i 00 ..s:: ~ ~ in Table 3.9 and the Data Base II lexicon in Table 3.10. ~ 0 0 () 'Cf.J (1) 

~ o PI «I bO C)rd +' ~ 00 'd S .r! «I .J:l 
~ § ~ :;:$ 3.2·5 labelling· Error Correction x 'r! +' 

:;J~ 'Cf.J 'OJ ::q (1) H .~ g H ~ t:..::J H+' ... 
~ .p ::q During the process of sentnce digitizing and phonetic event label- o<J.! (1) i=l :>, ~ I 

S 
..s:: ~ :x: ling, a number of errors w'ere introduced by the operator. These errors fall Q) 

S 
.p 

::q +' H 00 'Cf.J rO bO S A (1) P:: j.nto several categories including :;:$. ~ .E P:: ~ 6b N 
f.:il C\J A (Y) 

" +' 8 r-I t!.:i f.:il t3 f.:il H 1) incorrect sentence number, 
~ 

. 
.~ ~«I 

~ ~ ::q, (1) ~ S 2) ..s:: rr~ 8. bn 'Cf.J f.:il .(1) incorrect speaker number, 
~ 

+' Iil 

~ :s: «I ~ ~ 
.:> (1) :s: .r! r£l (1) 'Cf.J @ 0 .s::: 'Cf.J 

~ ~ .s::: ::q ::q 
~ 

.p ::q 3) illegitimate phonetic label, 'Cf.J tI.l 8 A rc:l o<J.! 'Cf.J A 

4) legitiDk~te but incorrect label, 
i; , 

5) incorrect boundaries, and I ~ e·': ~ II 6) miscellaneou~~ sentence label errors. j'1 
! ' ~-j \ 

i, 
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SENTENCE 2 

Thus the excessively shoddy book caused the tudorts enthusiasm 

DH SX SX SX SH DX BX KX KX ZX DH TX TX DX TH ZX ZX TX 
UH EH AA UX ATtT SW UU UU 1>:DC 

mr 
AA 

deteriorate. 

DX TX 
EE 

SENTENCE 6 
Did Bevts giggling sister kick the sassy dude. 

DX DX EX VX GX GX IX SX SX SX KX EX DH SX SX SX DX DX 
IX EH IX NG IX IX SW AH UU 

EH 

SENTENCE 7 

FevT people guessed that Viviants daughter performed this 

PX PX GX SX VX Vi:. SW· ZX DX DX PX FX me 'DX DH SX 
EE EH 

involved process. 

vx VX 
AW 
AA 

SX SX 
EH 

SENTENCE 8 

Dad dashed from 

DX DX DX SH UH DH 
AH AH MX 

t 

SENTENCE .2 

IX :£Ill{ 

the shed 

DH SH SH DX 
SW EH 

AH 

ATt.J ER MX IX 
AA 
A"VT 

e 

to kick the puppy chewing 

KX IOC DH F.x PX PX 'WX EX 
IX SW UH NG 

e 

to· 

e 

his new shirt. 

ZX TnT vv SH TX 
NX ER 

These people shuddered in disgust when Cagney made a caustic and uncouth 

DH ZX PX PX SH DX SW DX GX SX SW KX KX GX EE EH KX SX UH KX IOC TH 
EE EE UH NX UH NX AH MX AW NX . UU 

AA EH AA 

rebuff . 

BX FX 
UH 

SENTENCE 10 

The teacher should have popped the beef dish into the 

DH TX TX TX SH SH SH DX PX PX DR BX BX FX DX SH Slf TiC 
SW EE ER UX AIJ,. S~'l EE IX NX 

sizzling oven. 

SX ZX LX UH ----IX NG 
EH 

.... 
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SE!Vrl:!;;JCE 11 

Is it the duty of the packers to perform each detail. 

DR DX DX DX DR DX KX ZX PX FX RX BE DX TX 
. S:'1 UlJ SH ER ER 101X ~ 

SENTENCE 12 

Ted I s shirt ~ together vd:th his 

TiC DX SE TX GX DR 

socks, were ruined by . the booby trap. 

EE ER EH 

DR EX BX BX 
s~r UlJ 

SiC xx: 
AA 

AH 

SENTECE 1;2. 

Fifty talkers babbled casually as the cooks jittered 

FX FX DX TX :KX SX BX EX DR EX EX KX ZR DX DX DX 

IX EE ER AR SVT UX IX ER 
EH 

dirty dishes on the buffet. 

DX DX DX SH AVl DR DH EX BX FX 
ER IX IilX SloT UH 

UU 

e 

SENTENCE 14 

e 

.' 

e 

...~--. .,. -~-'-

Bob determined that people in Dunkirk caught puppies in sacks as a gag. 

BX EX DX TX PX PX 
AA EE EE 

IX 

SEIfrENCE 15 

DR KX KX KX 
I\lX ER 

PX PX 
UH 

SiC KX 
A..TI 

Susan's enthusiasm shou).d not cause backers of Ted to persist in 

~~IX~~~~~ 
W n UU ~ 

their attitude. 

TX DX 
uu 

SENTENCE 16 

BE DX 
UX 

Bec~use the cost involves steadily 

EX ZX 
AH 
U"rI 
Aft. 

xx: SX 
ATtl 
AA 

VX VA 
AVT 
f..A 

not dash into debt, 

DX AA DX SR 
:mc AR 

DX TiC 
EE 

TX DX 
EH 

KX: ZX 
Nil 
DR 

performing 

KX ZX 
ER 

the 

PX FX IX DR 
ER 1'Tf'< 

_~<J 

TiC DX 
En 

process~ Tod 

SX SX 
IX 

should 

SX -SiC ". TiC DX SR DX 
EH AA UX 

GX GX 
AH 

I 
\ 
l: 
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SEl~CE 17 

Beverly vias baffled. by the pauper vTho "fibbed about his populous family. 

13X VX 
Eli 

SErirEIfCE 18 

Tod's feet 

EX FX 
Ali 

should 

SH DX 

be 

PXPX FX :ax 
IX AT,I ..t'1.,. 

AA 

turting 

IX 

]Jecause he h'ls 

PXPX 
PiA 

a·pebble in his 

A.lf LX 
MiC 

sock. 
TX DX 

M tiX 
EX 

NG 
XX ZX PX 13X SX KX AN EH ----p;J. EH uti 

SEIm:rrCE 19 

The singing officers asked for a third song 

IX IX IX A~'T 
NG ]JG 

SENTE~rCE 20 

SX ZX 
ER 

Did Dutch's daughter chat 

DX DX DX TX DX DX 
IX UH A\'l 
EH AA 

SH TX 
AH 

--.."........".,,~"'~~---,." ...... --.- ---~" .• --.p' ~--.-" 

-e 

SENTENCE 21 

The third sauce stimulated 

SX SX IX YX 
AvT MiC 
AA 

zx SX 
Ali 

Ar,r xx: 
IrG 

vTi th the goggle eyed circus clown. 

their 

tit 

GX GX 
AA 

peptic ulcer 

PX PiC 
EE 

and 

SX EX 
ER 

caused 

EZ ZX 
AT,-r 
DR 
fJl~ 

them 

SW" TX 
NX 

to -burp. 

BX PX 
ER 

e 

e 

" 
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SENTENCE 2 

TABLE 3.l~ 

Lexicon usect J.n the la1>elling of' Data Base II. 
Each triad of' interest is shm.'1l i~l alpha
phonetic i'O!'1!l with possi'tle i'ree variation. 

When Beverly 

BX .. VX 
EH 

cooks her good vegetable soup, she puts in 
KX KX GX DX 

UX lJ£ 
UU 

·Lt'!.tie-r snd a pinch of pepper. 

EX DX 
00-
AA 

SENTENCE 3 

Bob Dudley 

BX EX DX DX 
AA UH 

UH DX LX 
UH 

SENTENCE 4 

shipped 

SE PX 
IX 

- EE 

PX PX 
Err 

the 

DH SX 
SW 

circuits 

SX Kx: 
ER 
UH 

SX FA SH PX PX TX 
tIU EE UX 

to Boston on Thursday. 

EX SX TH ZX 
AvT ER 
AA UH 
UH 

e 

The people on the Long Beach' dock signalled the first ship 

PX FA 
EE 

through the 

DH FX 
SW 

SENTENCE 2-

LX NG Avl EX 
AW NG 
UH 

fog bank. 

The cops suspected that the 

10C PX PX Kx: DH DX 
AA EH SH 
UH 

narcotics. 

NG AA NX.RX 
NX AA 

11JG 00. NX IX 
NX AA 

UH 

DX KX SX GX FX SX SH PX 
AA IX ER IX 
UH EE EE 

judge's sister was peddling 

ZH DX SX SX PX DX IX NX 
UH IX EH NG 
AA DR PX LX 
AH BE EH 

a . teaspoon 

TX SX 
EE 
IX 

that passed 

• 
--- -..-.-----

of 

e 
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Sl<'r~:"Ci1' 6 .u:4._.r.....t-j .;.:J 

Dad 

DX DX 
AI! 
AA 

is 

SENTENCE 7 

using 

IX SW 
rIG 
lIX 

a shovel 
. 

S1"'" VX 
~-L"'H 

:rn 
AH 

to n:.o~J"e 

ST .... 
'i lJV 

-rYJ-

e 

the excess dirt from the curb. 

SX SX DX TX 
Eli 
IX 

R.~ 

Eli 
{;rt 
IX 

EX EX 
ER 
Eli 
UH 

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

FX FJC :NJC AA 
IX MX 

SENTENCE 8 

The shop boss 

SH PX BX 

SX EX 
EH 

was 

SX 
AA AW 
DR AA 

more 

ZX AW 
MX 

SW A~l 

me 
:NX RX 

AT;l 

me TH 
ATtl 

EX ZX 
AW 
AA 
DR 

DX SH 
IX 
EE 

than satisfied \on. th the fabricated baffle. 

SX DX FX EX EX FX 
AH AH AH 
EH EH AA 
uti UH 
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SENTENCE 9 

The students 

TX DX 
UU 

SENTENCE 10 

climbed the path 

EX TH 
AH 
AA 

Tod .should be putting 

TX DX SH DX 
AA UX 

SENTENCE 11 

PX DX IX FX 
UX NG 

PX IX 
UX 

me 

above 

food 

FX DX 
UU 
UX 

the cabin and 

ICC BX 
AH 
EH 

in his dog's 

DX GX 
AW 
AA 
UH 

were pooped. 

PXPX 
UU 
UX 

dish. 

DX SH 
IX 
EE 

Paupers a~d those near poverty substitute hamburger for better cuts of beef.' 

PX EX 
AVl 
AA 
DR 

ZX IX 
me 

ZX EE 
NX 

PX VX 
AA 
DR 
AH 

SX BX TX TX 
UH UU 
EH 

EX FX 
EE 

e 

--= 

e 
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Jmor de'tec'tion and correction 'WaS carried out in three steps. 

The i'iro't step trca:bed errors of the ca'tegory 3 and 5. Soft'ifare automati

cally rejected any alphaphonetic label which did not conform to a legitimate 

entry in the phonetic symbol table. This same softvTare rejected events 

I1f.l.vinc; cursor pooi'bions reversed or separated by an amount in excess of 70 msec. 

In the second step) errors in categar:iBs l} 2, anel. 6 ioTere deleted 

by print:ing out the phoneme labels for the entire 35000 phonetic events, and 

coml'o.l.'ine spcalwr and sentence numbers to the labelling and digitizing logs. 

This taf.::k 101'0.0 quite laborious, bu't permitted correcting a number of errors 

within the label fieldo. 

The final step of error detection ioTas directed at errors in category 4. 
Errorn in this category would be more diffi(:c.],t to detect if each sentence 

were labelled only once for each speaker. Each speaker recorded tvo seSSions} 

hovTOvor, and a comp£.1:ciGon of. phonetic event 18.bels for the same positions in 

correapondinr, sentences ims carried. Assuming that the phonetic content of 

the;! obacrvc(l pODitlono was the same for the same speaker across the t'ifO 

recorClinc;c J a cono:totency check was carried out and unconsistent pairs 1·Tere 

I ' 

vn1i1e it is obvious that all errors ioTere not detected, it is felt 

tl)[~t the majority were found and rejected or corrected. 

>,\ 

4.0 

4.1 

COARTICULATI0N AND PHONETIC ANALYSIS STUDY 

INTRODUCTION 

In speech, consonantal environments and overriding linguistic 

frame'l'fork significantly influence the physio10gic8.1 and acoustical 

structure of embeel.ded vO~'Te1s and, to a lesser de.gree, nasals. In 

many ce.ses, a sound o.is!llays more of the characteristics of an ad

jacent phoneme than 'I'[ou1d be exhibi tec. in u null enviror.ment 

(assimilation). ~n less frequent circun:stances, conbiguous sounds 

acquire a state of grea.ter' ,dissimilari t~,.. (dissi!:liJ o.tien). Heffner 

(1969) discusses Jche physiological iJ.:ly1ications of speech seunas in 

context. The acoustical effect,:; of such phenomena, ~'ihi~h 2.1'0 of 

more immediate concern, arc mo.nifested j.n vO~'lels 2.no. nasaJ!: as 1) 

deviations in formant structure (frequency, bandl7irlth, re1C!.tive 

amp1i tude), 2) variations j.n event dUl'D.tion, 3) dif:'c.;l:'cnces in the 

f'undamcmtal frequency, 4) changes in the level of. <,{mpli tilde) and. 5) 

. i possible superposition of frication ancl aspj.ration. 'J.'Le preci.se 

nature of these effects 5.s a function of the barticula.:r ~rticulator" 
- J 

chfJ-racteristics of the consonant types in the enviro11l:1ent and the 

syntactic structure. 

Of primary interest in the conte:-d of' the S/I$IS concept in 

the varia.tion in vry,'Tel and nasal spectral struc cure (nur;.ber 1 ::tbove) 

as it contributes to a lessening of th(3 separation bet;Teen intra-

and inter-speaker distance ~listributions of a phonetic tY1?c. Vari

ations in event duration are re1a/ceo. to achievement of forn:ant t8.rg~ts 

and, therefo:!':e, e.!'€:: also re1a ti vel;,," impo};tant ,·,1111 e the relilain:i ng three 

effects listed a~ove are so:nc"dh:?t secondary excc~pt, perhapn, in <:'.11 . 
analysis of featu:!.'es extm!:ling ccyol:d th0 b:::.sic 'l:he 

major goal of this study blS been to deterr.line, throUf;h empirical 

mem"is, bhose phenetic types, of thp se~: of fourt'~'~~n n • ~ ]'-- v _ __ .... <:; ~ "..revJ.Oi.lS.I,~r se (~::!"tCCt 

11 ______ ~. ~ .. 1 



for usc in this 'dork, least sensitive to diverse conson:mtal enYiJ:or ... !-:lents 

under di:f'fed.ng leve1.n "1' contextual constra.int in a pai'l:"Hise to}:en 

comparison. A scconct;;t,ry con:3idcl'ation~ from the opposing viewJ;joint, in

volvos a dctorminati<m of those context types ''ihich tend to maximize the , 
spca.1wr di$c:dmim~t'ion abilities of an arbitrary vocaliC eveflt. Experi-

mentation :1.n this study has 'been directed to·ITa~~ds a q1;le.ntii'ication of 
~ 

intra.-s:pco.kcr var~.a,ncc and the development of mean F-rc:tios for each type 

indicating separation of intra- and inter-spca1:er distributions. 
I 

Conclur,i.:ms related. to the context vievl1!oint are based on previously 

established. }~na;-Tledgc in the area of acoustic phonetics. Consonant 

contexts in this \-Tork arc distinguished on tbe basis of place of g,rtic

ulatiol1 tltl'ough cntegorization b~r consonant type ancl by the sepCl!',~~ion 

of scconcl :'olTw.nt loci frequencies (hubs) into 10\", lr.ediu,":), and. hiGh 

positionn (Potter, Kopp, and, Kop}?, 1966). A b:ccakcloim of contexts by 

manner c·f arM culation and voicinG is also of interest; hOi·revel' ~ sp-:!ct'!'al 

vo.rio.'\.;i(m u.1ong theGe ditrlcnsionn is less significant a::1 such distirlct.iol13 

viere not m:1pirically' r;\2.ue. Ex""PerimentoJ .. \-lOrk is di viclccl into four. pc,ases: 

1) gcrwrrd~:t"n of the mean spect!'tL'n for each con~extuo.l hub cateeory for 

each l)hol1(d;:ic type of eD-ch speaker, 2) determination of tr.e intra-t:p22.ke!" 

spectro.l ~·ario.rlce as a. funr.tion of frequency and the mean spectral 

varinnce for ~ach type of each speaker, 3) computation of the mean F-ratio, 

bllE,cd on intl'a~ and i~ter-speaker distance distributions, for each type under 

'bhree condi '\.;ions of contextual cons traint, and 4) generation of modified F

ratiOS and SOC curves, under the highest level of contextual constraint, for . 
each type usi.ng a ,'leighted Euclidean distance measure. All experimenta.l ''lork 

is based on Data Base 1 (25 speakers) from \1hich appr~ximately 6700 triads 

WC1~e labelled. The overall frequcnc:r of occurrence of events is provided by 

type in To..ble 4.1. 

4.2 

I 

• 

TABLE 4.1 

Phonetic Type Frequencies of Data Base I 

~ Frea. !lEe, ~. 

we 0.0525 AH 0.0915 
:t>,'X 0.0626 AT/I 0.0713 
NG 0.01f89 UX 0.0391 
EE 0.0693 UU 0.0701 

IX 0.0965 UH 0.0539 
Ell 0.0967 ER 0.0370 
AA 0.0919 sw 0.0379 

4.2 QUl\LITATIVE S~CTRUM EVALUATION 

The 6lj.. 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 (:B'igure 4.1). The context cases averaged were 1) 10''; adjacent 

second formant locus on each side /p,b,f,v/ (bilabial, labiodental), 2) 

middle adjacent second formant locus on each side /k,g,9,er,s,z/ (lingua-
l • 

palatal, lingua-dental, lingua-aveolar, 3) high adjacent second formant 

locus on each side /t,d,S,3)/ (lingua-aveo1ar, lingua-palatal), and 4) 
mixed adjacent second formant 10ci.J

• In addition, the mean spe9trum for 

all tokens of each t~~e of each s~eaker was developed. Some context 

categories for certain types did not possess any tokens due to the lack of 

words in the sentence set containing these triads. 

The mean spectra generated '\'lere 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. 

1 To be more precise, the hubs oi' the values /k/ and /g/ are variable and 
tend to be slightly higher in frequency than the hubs of the vowels 
wi th i'Thich they are combined. 
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As anticipated, the second formant frequeIlcJr generally increased 

and the first formant frequency decreased with contexts of increasingly 

higher hub position ihdicating that minor differences in labelling technique 

were secondary with ,respect to the variance introduced by contextual effects. , , , 
In, a feVr cases; hOvil?,ver, there \'I'as an inverse movement of formants Io[i th in~ 

creasing contextual hub position. For the events Ig, a,~, 0, A, 3> ii, it 

"Tas observed that the mean spectrum for the high and medium contexts ,o[ere 
2 assonant but rather dissimilo.r from the spectra of 10\0[ c9ntexts. In the 

remaining events, all three contexts displayed considerable devia'bion from 

each other . 

Most inter-context variation ,ms exhibited by neutral and rounded 

vowels. The existence of a high degree of intra-speaker variation for 

rounded vo\-rels i~ at.tributed by stevens and House (1963) to the SlO\-T rate of 

lip movement reJative to the rate vf movement of the other articulatory 

organs. For the tsrpe Ivl it 1-ras noticed t~at, for virtually every speaker, 

,·the second formant of the ht,gh context position vms at a considerably greater 

frequency that that of the middle hub Gontext. HOI-Tever, only one vrord type 

was used for each contex't condition of this vOvTel,; thus the statistical 

significance for this particular case can be considered low. A Similar, thou/3h 

more infrequent situation, of greate~ statistical validity was observed for the 

middle and 10vT context positions of 13, A, 0, u/. The onlyanomal.ies obsel,ved 

among front vO'-lels wer~ some large differences in second formant frequency 

betvTeen the middle and'low context cases of III. The type li/ exhibited 

r~~arkable inter-context consistency .. This result is in agreement with the 

findings of stevens and House. The schwa lei was found to be reasonably con~ 

sistent in spectral shape probably as a result of it being labelled only in 
, . 

the context of the ,vord type "the. II Inter-context spectral variance appeared 

to be significantly greater for Iml !than l~or the nasals; in, 'QI: 

2 The type /i/ exhibited little dissimilarity between the mediumlhigh and 
the lov[ mean spec.tra . 

4.11 
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INTRA ... SP1~KER SPECTRAL VARIANCE 

Inte!l""'"'context variance waG calculated at each of the 64 frequency 

pointe for each phonetic type of all speakers of Data Base 1. Results were 

pl(')ttcd (FiCUrc It. 2) . A mean varia.nce acros s frequency 1'08i tions was com

putc(l for each calculated resultant vector. These values were averaged 

acrOfW f1pct.tkortl fOr each type to provide the intra-speaker variance rariking 

(lhown in ~'a.·bl.c 4.2. A ranking by the mean of the distance function (1-c08 2e) 

io rri ven ill Table It. 3. Weighting by the number of tokens for each speaker 

wac not employed in computing the average. 

TABLE 4.2 

Ranltilll,': of Mean Intra-Speaker Spectral Variance by Type 

TY§~ Mea.n Spectral Type ]lfean Speciil'al --- Vari{{?lcc Var:ia.ncn 4~_ 

A1'T 2111'( .10 AH 297.50 
}!}) 255·23 EH 299·21 
m'l '?6'{.?0 ER 322.66 tm 286.93 15i 351.66 AA 295.10 me 353.41 xx :t296.31,. NG 389.01 uu 296.34 MX i~3L87 
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TABLE 4.3 

Ranking of Mean Intra-Speaker Distance 
'(1-cos2e) by Type 

EE' 
AVl 
AH 
AA. 
EH 
m'l 
IX 
NX 
UU 
NG 
ER 
MX 
UX 
VII 

Mea.n Distance 

0.7913 
0.9252 
1.0668 
1.0708 
1.1533 
1.15)8 
1.1767 
1.178!~ 
1.2385 
1.311~2 
1.4330 
1.6859 
1. 79314-

).,9430 

Mean intra-speaker spectral variance ,'ms found to be less for long 

YOi'lels Ii) a,Q I than for short vOi'rels as the former' tend to achieve 
'. I' I 

formant target positions "Ti th greater proba.bili ty. Nasals cxhi bi ted. 

the highest intra-speaker variance. This result is somey/hat surpri::;j ng 

since the articulatol'y configuration is essentially stationary dUrlni: 

nasal production and therefore relatively insel1Git:i,ve to the effects 

of context (Glen..'1 and Delner, 19(8). It is probable thut the variance 

can be attributed to differences in stress levels causing inconsi~'trmcy 

in i1asal produc cion. ·Otheridse, it ,'ras found that variance ,'ms t~".picl,.l.lly 

greater at higher frequencies as a result of the fact that the highest 

peak of each spectr1.Ull, ~'Thich is usually the first formant, uas pinned 

to 255 quarter db f Thus, small differences in spectral rolloff bet','recm 

tokens of the srur.e type for a spea'k:.er became more pronounced at hi&hc:t:' 

frequencies. An additional observation concerne maximfl. in the variance 

vector. The number of local mmcima ''las usuaJly greater tho...'1 four. In 

m.ost cases , either a sj.ngle maximum or a double peak could be found 

centered at the position of each of the mean formant frequencies f(;l' 

4.15 
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that type. It is hypothesized that the peak splitting,is the result of 

1l11nor i'roquency ohii'tina of forl11t.U1ts possessing very similar amp Ii tude 

w.lu(w. Corwic1erablc inter-opeaker dissimilarity was noted in the overall 

ohnpe of vm'j anc!c vector plots. A mean variance ",as computed for each 

speaker [)y o.vo:r[l.G1.1H~ noroen phonetic types. The ratio of the variance of 

the' lc:af;t (~onn:i,l.itr.:nt cpcaker to that of the most consistent "Tas found to 

be appro;dmately 2 to 1. 

SPJi!AEl"R DISCRII • .lIHATION AND CONlTEXTUAL CONB~'RAnrr 

Overv1m·, 

The pr:imary c;oal of the experimentation described in sections 

1~.tJ..~~ and Ij..tl-.:1 in the uc:tcrminat:lon of those phonetic types that provide 

the grcnte:;t npcD.1tcr neparation on a single type basis independent of 

cOl'l'clatl QlW wi tll tho c1intanccs of other types. A ranking of this nature 

is useful in providing Gome foundi.1.tion on \·rhich an 0peratcl', in forensic! 

invcnti€~ativ(1 situutions, can select the most discriminatine; subset of 

tYlKH1 from the I1poech material availuble in basis and query recordings. A 

sccoucln.!'Y' gOtll concerns the increment in di~crimination that can be achieved 

by the u::w of compm;iGous involving tokenft taken from similar phonetic 

onvironmunts rclat:i.vc to comp:lrisons ma.dc irrespective of context. 

Section !~ .~,.2 discuc.ses empirica.l work that "ras undertaken prior 

to tho in:Ltio,tiol1 of thNle tusks involvlnr.; 1) selection of a feature set 

which in 0. fuU<,~tion oi' 'the phonetic type under consideration and 2) the 

ox!>l ol'nt:l on n.nd mbpt.i.t'lll of an n:ppropl'iatc distance function. The cri tel'ion 

of PCl'i'o:t'lnanec (.~mplmt1i:~cu. in tho section is the traditional F-ratio computed. 

on in:t,l'u.- (U1(1 intel"'llistanoc distributions. 

Sec;tion 1~.1~.3 Ill'er-onts results developed subsequent to a valid, 

althm1nh not finn.li:1ed, fca.tu!'a set. Events are ranked for the text 

dCIH:mtlcnt ~onntru.int on the bc.c:i.s Qf SOC curves and tt .... o measures of F-ratio. 

4.16 
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function 

speakers 

where 

Performance Under Three Constraint Conditions 

The distance measure utilized in this stage of the analysis is a 

of the rulgle
l e between the feature vectors X. and X. derived from 

J. J 
i and j: 

d == 
• 2e SUl 

d 
2 or == l-cos e 

X~ • X. J. L-cosS Ixil IXj I 

The basic LPC spectrUlll of 611- frequency points ,,,as taken as the feature 

vector for all phonetic tYJ?es. As previously mentioned, the highest peult. 

of each spectrum "vas set to 255 quarter db. An a1 tcrno.te normo.liza'bion 

procedure involve!:> forcing each vector to a fixed lenGth; hO\1ever) wi'bh the 

distl:U1CC measure str..l.ted abovo, the two methods of ncrm..'1.1ir:.Ll.tion iYill g:i.ve 

!similar results on a local basis. In the ca1?e of all vecJ,;o!'1J normali~ed to 
' ... 

1;he same length, the d,iscrill1.il~allt ft:.l.v::tion of' (l-coot: e) a;i ven reI ati ve 

results identical to the umleighted Euclidean distance metric. The anr.;ular 

distance measure \."as chosen prior to completion of the task invol villa; 

distance function evaluation; thus, i?he results of that investigation 

,concerning a Llore opMmal discr:im.inm'l.t cou.ld nob be u.sed in the P~ll):r.cr.l'3 
analysis/coarticnlatiop study'. 

The measure of intra- and intcr"'B:pca.1cer distrib:,rt'ton sc;pe:.ration 

empJ oyed ~'Tas the F-lratio defined tradi tiOM.J.1J' as 

, I 

F = vt;'l.riunce of' mr;ons _. __ .... ...~ .... 
mean of' var:l.nnc<::$ .. . " 

I 

The intra-dis'tl'ibution f,o:r each t;,/P~ of each spen.l;:er \~RS established by 

computing the di si:ancE's oetvecn all pOl3r-ible intra pairs, subject to . . 
one of th.e constraillt conditions sta.tcd belo,,". 'I'he inte.!' tlistr5.bution 

was d~velopnrl b~~ computution of €l.ll possibJ e dist<.mces bf~t~ic~n "the 



" 

tolwnc of' ~hQ intra !iCJC and tho<;e of different sp!,==aKcrr., subject to ths:! 

conct1'0.:1nt ccmo.1.J"ion. From the resul ti!1g distribu~ion:::, an F-ratio v;a~ 

comput.,r.::d for c.:ach phon~tlc type for each speakcr. A mean F-rutio i'ras 

ca1cula1,c(1 fo!' euch tY.9c by aVeraging acx'o::;s speakerc. ~:href.: constrairlt 

condi i1.cmo ',1:!rc noed irA. diGtrib'.ltion ~enel'aticn: 1) context"independent 

ctl.oc .. compnricon of ti'TO J"okens oi' the S[lIDe type indepcm1ent of context: 

2) eon'Gc::dj"'dcpendcnt case - compa.rison of ti'TO -!jokcns of tile same tY'pr; 

trom the ~w.me environment i·ri th reg:=~r\.l -Co contG::tual hub 1)081 tions, e. e; ~, 

eompn.rincn 01: prrGH .. 1;\ - ILrGH] ",ith [11IGH - A - KWH] : and 3) text

dcponclmrG - CO!1lpO-l'ison of t-iro tokenr; of the salliE:: t~rpe possClosing the 

stune l)horwtic type enviro14'!!cnt~ e.e., comparisvn oil [P - :5 - PJ. "'i~h 

[r - :! .. PJ Nean :ratios ,;ere co:nputed for each c·f the -chrce con13tl'D.int 

conditione and urc shO',m ranked in Table 4.4. 

Histoe;ra.ms of the intra.- and inter-speaker distances for tyro 

types oi' ono speaker arc sho"m in Figures ~,.3 and 4.4. The approxLmate 

denni'by funetionn eenc~.cat.ed "Tore found to be basically unimodal in all 

onnen. Herms and vo.ria.ncesl compu·be· for the intra sets ,,,ere based on any

"there from '70 to 250 comparisons "ri th the context-independent condi tipn and 

i'1'0Jn 5 to 35 comparisons in the text-dependent case. Obviously, the 

ntfttist:i.c.mJ sic;nificnnce of th.e F-ratios of the text-dependent ranking should 

liC C].uo.Jitat:tvely cleemed less than that of the context-independent ranking. 

It can be otu.ted that the F-ratios for the particular distance 
. , 

i'um.'M<:'If} nne \'(w.tUl"C Sl1t us(:d arc 10'iy' ,1ith considC'!'p"ble overl'.:'.p betwcen 

distl·l1l\1.ti<\~ln. .trc,i·rcvc:::, J(jhe lnajol~ iniiGre8t in the phon eo€:: 9.11Q.lysis!co .. 

o.rt:i<.'u1ntiC'l l c'G\.'('t,Y in the rela.tive v('.luc 01' various types in a disc:rimi

no.t:ton t;:tt1.H.'l.'t,tOll .i.'tl.thc:c than absolt:.te pl'obr~bili ty of e!'rol'; thus, the 

l1lC'in.'ir.' ~md i'ca-!;· ... l,:rf.\H t·r.;})l'J~lF,)d aloe 'bc~lievcci. to be atleq\.i.,'!-te for this goal. 

li'u.l.'1.hm'mo';'c> tht:: UgC 0:[' rc.ore tl'.r-u a sine] e type if! an oY'3ra'J. similar.i ty 

lUCo.SU)'(~ in t:=--P(!C Lcd to CJl'et~tly cr;!10l1eo .:;pe~~:l:cr sepaJ.'abili ty. 

4.18 

Context 
Indepel4~e::n"9. 

TABLE 4.4 

The ranking of mean F-ratios, based on intra
and inter-speaker distribution by type~ for 
three constraint conditions used in comparisons. 

Context Text 
Deuende11t 

' , . 
D(m'ml:lCnt 

~---- Tri)e: --111-R~lti ':,) 
~ F-Ha:'io fZp•e F-Re:J:.,) 0 --_.- - -----

EE 0.29' UX 0.1~0 !vIX 0.51 

NX 0.20. EE 0.34' BE 0.39 

AlI 0.18. MX 0.30· IX 0.34 

AW 0.16 AW 0.26 AlI 0.31~ 

NO 0.16 mf 0.2!~ HX 0.33 

sw 0.15 NX 0.23 NG 0.33 

, MX 0.J.3 NG 0.20 UX 0.32 

ElI 0.13 En 0.19' AH 0.28 

IX 0.13 AU 0.19 UU 0.27 

uV' 0.12 UU 0.1,( SH O.W( 

UH 0.10 un OF' '-:J AA 0.27 

M 0.08 IX 0.12 un 0.21~ 

ux 0.07 AA 0.12 EH 0.19 

ER 0.06 BR 0.06 En , . O.lll 

4.19 
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An Cy.pcct~d, P-rl1.tioG became greater ao the level of contextual 

conctrlJ;'t!'~'!; ~:cc :1ncrcr~:ic1.. ~lllO ratio of the F-ratio ot' the highest 

l't.m'~r.rl tj'1lE: 1n tiH; t~xt~dC:IJ~nJ(:nt ca.se. (1m;') to tho.t of: the highest 

tYl)(,~ :In UIC co!'!tc;xt-';~'ld.~p(r:dcnt ranking (,Ii;) vinS 1.77 vThile tIle .' , 
l'Cltio i'(,;r tim lCf(I(.:tlt r~nkcid typcs "t,to.::: 2.37. Under the te:d;...depend.!,mt 

conGtl'tdr.t, the l"atio of P"'l'atio::; of the hiehcGt and lmlest ran}:cd 

type \1rl.G 3.Clt. Thr. :inc:r(:C"t:c in P-ratio as crea.ter const~ail1t ~'ras 
il'll't)o"(,d if' ,J,J· r,)·, "J,(", ')""l'r'''r''l t 'i"'" . ( 

'J. "J .J'vl", .... ,,"'.!.,... ~. :, .• ~,:.I .. y 0 a Glcn J.lca.n"C 11::: m.uch,as an order 

of ll13,i',nl~~~df..! :tn i,hl
.' intra OUfW) reduction in the va.:ri{tnce of the 

diE:tl'jil\..~: 1):::1. Tnc:cf':c.ner.:in the differcnce betHcen intro.- a.ncl inter-' 

cl>cw.1a·L' l:.(:WW VOl'" I1uch J.o.:;[; noticeable. 

Simi l~n.·lt,y (12 the ()l'dcl'tn~J of ty:pC's n~ro!js cc:mstrnint condi tio!1s 

'Wur; (ill) y 1~:ulc2"d,fJ [~J. LllOU~;h ::: Cine t;nx:o ex.hi bi tcd. n trcme; cons istcncy. Tb~ 
CVc,tr'v /1/ ',.Lt,,',l.I' !"','l 'tl,lC ITl"··r·to .. "1t d L t ~ .. ~ ~ •• '" - w ... ~. - or nccon c.;:r-C3.1;Cr.' It'-ratio for encil of 

tho th~'Ul co!wtr;' i nt ,'ondl tio!'fj ,\-;hile /:!/ l'<l..·ll~"d 1,.,·.·.· ... <1 .. " f , 1 ..... '" ~'- or c,. co.£:es. 
Nmmlli ,.,'(.!;1'[> i tl tLc: uprC'r hali' c.f' each of t:bc ro.nki l~r..:~~ , Tmw J l .. hil~~ ex-

hi11i tjll(~ lJ;l~ll dl'{;t'c:nG of lnt.:cu-npc3ke:r r~c~!!1 spCr!tl.'f.J, vr~r:i,ml(,;cJ thore arc 

Guffle.ir'lli. jtltUl'''~;ll(:~l1~'.:!l:' npc(!tl'ul dii'forcr:ccs bet~;e(!'n n~snls to a.::hiQye 

£l lliglHJJ.' Ullin l.:(!di~m j·'-r!rtio. Glvcn these rueul1...s elld the ob~el'vD.1...ions 
or (In",1':": (!·~~~!tJ J9('); li'ujit:ll1l"~J 19(;2)" it is re=ls~.m!:lble to state that 

tlu.~ ltd.~·l:,,,,,!\t;:!k~l' t1iff.~l:'Cll(.::(~t~ 1n the nasnl cCivity aL'C (~rcater t!Jan those 

of t,}J(', Ol'l!J. cn\·it~... 'l~Hj PC\Ll t'icn 01' Iv/ l'\e1'o:::s runkln~;s varied cO:1::;idc:ro.b~' 
due t(l U.l> lll~ j t,~lll HIl!'!lH';r elf l~ltem; C}btuined for this type. The scin,'a) 

llh:i.<'ll l'~H. 1.l·1 ~J.lt~1 (!lly in tlj/;: CO!ltoxt l')f "the ll Has ir. .. ..;cm::ediatc In 'lulu€! 

in tlw eel t(.tlCt .. i t:~lc:J~e!ldcHt CH:<1 dt!1)encl(;t1i, r!mkitl[~s but dropped in posi i..:i en 

D(''Illl("'i:h:t, ::\,r 1.,1.0 i..c:..::t,-U(1)(:r.t1I.;'ht candi ticm due to other types £.ehievi::t; 

r,ll'I'J:1t,I'."l' ud.n.) ! U !·· .. l;·al"io <.!fJ the phor:.qtic tY1J~ on bo1...h sides of' the event 

,.:an j'j:;!, . .1 in tb' C-:'~1!11r.l·if;9l:. Hitl! l'Oe;ul'd to po::::i tion of' o.:L'ticulatic!lJ 
i:""l.,\t \'\. ',',.'1 •. " ~'.,.,.:, ,,, •.• ,, f' " ••• ,'! ••... f' 1 t b 

...... ~ . - ~ ". ._ ..... '''hU ,l..:_ .... • mu:t 'v c better discrimin:.1.tol's than back 
v~)u('h;. '",i'1 u l'i·.;~ll t. l' n ~ "l'~l' eul' 't., 

ot'" ~ • 'c.' .. l· .... y l)l'CU·J.:l~m' '.I.m~el' the te:.:t;-dcpc!~dcnt 
cOtm1.~\" .!. ':. ~., t' "" '1" 1" 1 l' 

.I, .# ... .;1 I.. C,-lrl.'~ ,n .lon m~s not f'aand bct~:cen discrirei.r.:::ticn 
CC'Ll':l,l,t:q t:: :i:~,l t.l~o ant.e '('1'1 ":.ttic'l 0" vc' '~l '" bv dur~t' 1 

"" ••.. • ... '.. ......, u. len a.s ong or c~C2.'i;. 

\ i 

, 

Performa.nce Under the Text Dependent Constraint 

Using near optimulll sets of fen.tu;l'·e vectors ,.,.hich al'e a fune'bion of 

the phonetic type) performance for each phoneme was emp:i.ricaJely est{l.b1.ished 

on a text dependent baois employing, as a criterion, SOC cnrve::; and t"lO 

measures of F-ratio. The distal1ce measure used ,.,.a.s the uno.vcro.c:ed "lcighted 

Euclidean metric descx'ibed in Section 7,2. The SOC curves and rankine; o.re 

sho\Vl1 in Figure lL 5 and Table 4. 5 respectively. Ti'TO !i'-l'o.til" measures, F2 

and Fl~ defined in Section 7.2.3.1 were also calculated under the same motric 

and constraints end are sho~m ranked by phonetic type in Table 4.G. 

Comparing the ro.nkine of' traditional F-ratioo for the tc.'xt 

dependent case [';i ven in Section 4 .l~. 3 ",i th the SOC rankine of Table 1'1:; 
:t t is useful to consider those events ,-,hich differ l:t ttle in }'-ratio or SOC 

area as in'berchangcabl e members of a Group. Thns, by 8',-li tchi ng th2 PO'\1. tiol1s 

of members ,.,.i thin a group to minimize differences bt:tw(;C:l"l tht.:: .cll.nk:lnl~H, it 

is apparent that cxc1.ud:ll113 the types /lJ/, for vThich thore exiots little! dn.ta, 

and lui eood qua1i ta ti vo ar;reemcnt is found botl\';ecn the t1'lO c1'1 'Corio.. 

Reasono.ble arrreement Cal"l be found bet~'1Cen 1"2 and the tradi tional ~'_l'n.ti{) • ..,> 
I 

ABrccment '1'li th Fl~ :ts less apparent. '1'11e lal'r;e values of' 1"2 o,nd Ii'1~ rclo.t:i. "10 to 
the traditional F-ratio can be attritmted to both the quality of the matr;i(~ 

and the nature of the crit.eria. The Fl~ c:r.iter:ton is a function of the 

separate variances for the tiVO distl' ':butions and is, thcreforc, not cl:1l'(;ctly 

compm:'a.ble in absolute value ,,!i th the traditional F-ratio. , 

1~.5 DISCUSSION 

The influence of context on distance nnd mean variance nwn:~urcn NUl 

be traL.~d to amplitude shifts in specific frequency reGions. House rmd Gt;c'/cnn 

indicate that deviations in firs t form31lt position under di verDe contextr. o.l'C 

minor in relation to thooe of the second fOl.'mo.nt, VOvlE:als with 10",., firct 

formants are especially insensi ti ve to variations in that form'lnt. Th',2 nhlft 

in second formant frequency is rouchly in proportion t() the diff'crcr":e 'i\ctt-:cen 

the second formant frequency of' the vowel npokcn in a. 11ull environment and the 

L...... ________ .. _ .... __ .. 
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TABLE 4.5 
• 

Ranking of event by SOC curve under the text dependent 
conctrtl.int. The distance measure used ,.,as the i·reighted 
Euclidee,n opc::rating on 30 features. The SChvla "ras not 

ranked. 
Highest Ranked 

UX 
UU 
EE 
MX 
IX 
AH 
AH 
NX 
NG 
tJH 
ER 
M 
EH 

LOVlest Ranked. 

comb1nc(1 ct'fccdji Vi;! second formant locus of the adjacent consonants. The 

clireetion of the (li:;\placemcnt is tOimrds the positions of the loci of the 

surrCiuwl'ing conGonnntr;. In the case of lui in a postdel1tal environment, 

SCc(")nu formant nh1f'ts of aG lllU'!l1 as 350 Hz have been found by stevens and 

UOUElL', At the othc);' extreme /i/ and /a/ typically exhibited inter-context 

dii.'i'm:'('uc(:g in roOt'ond forma.nt of no greater than approximately 100 Hz. The 

flK'rm npectrn,l vn.:dnnce findi.nc;s of this ,fork for those three vm·rels <;end to 

gCHl.0),[1.11y af,:roc "lith these (lhservations. 

With r(~r.;:ll:J:.'d to the frequency of phonetic types, Denes (1963) 

lms 11(l\ ... ~d. thnt the frcquency of front VOI-lels exceeds the ra.te of occurrence 

of Nmtrnl and bad\: vOi-lcls combined. Thus, in the text-dependent case 

eOlW(.:tnl1y, the frequency mId discrimination c8:tJability of phonetic types 

is ('olnddontn.l. 
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1he W'~J.ghted Euclide2.u dist:'l.nces of Data 

a.se under the text dependent constraint. 
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TABLE 4.6 

Ranking of event by F2 and F4 under the text dependent 
const.L'~int. The distance measure used ,,,as the ,.;-eighted 
Euclide~\n operating on 30 features. 

Event F2 Event F4 
UX 3.0 uu 6.5 
UU 2.4 IX '-1 .• 8 
EE 2.1 EE 4. L,. 
IX 1.8 AH 4.1 
AH 1.7 AVf 3.8 
AW 1.6 EA 3.7 
NX 1.5 MX: 3.6 
MX: 1.4 ER 3.3 
UH 1.3 AA 3.2 
AA 1.3 un 3.1 
sw 1.3 UX 2.7 
NG 1.2 NX 2'l EH 1.2 NG 2. 
ER 1.1 SW 0.2 

. 
Although empirical ,'fOrk was not done in this study from the context 

viewpoint,. it is possible to drC'm some conclusions concel·r.i~,(! tr~C! \5.~si:rnbl}.i ~;''y 

of certain environlr.ents. Certainly to minimize tho extent of :tcll')~Ent. undo;:~'

shoot jt is prefera.ble to select cOl1scmmt-vocalic combinlltion.~ contain:Ln:; 

.hub posi Gicm differences vrhich are rIot £.;:reatly d1 SSillJilCi.J:'. The I k I E4nd I .:;\ 
• I , 

consonantal env:ironments are high:y desi:cnble beC8.nS8 of their tendency to 
maintain a variable hub only sl"l.ehtly hi ghflr than tbe vovrel second fOrmf:.ll t; 

frequency.. To a lesser extent th':) locus of the glide /1/ a 1 so tcncl::: to bo 

variable 'Iii t.11 tho pJ.ac~ of e.rUC1.llatior. of the vo\·rel. Formant 1;o.1:'get 
region undershoot for an~l vQ1,·rel in ve.1 ar or 

? 
11/ contexts should t178refo'I't~ 

be mi.nimtzed. J Other glide environment: of l'edu(!('d illfluonce arc: 1) lid 
I I 

3 There is some evidence that the initial /1/ in combination "Ti th certain 
vOlvels, /ul in particular, accentuates the inter speaker differ.ences of 
the vo~·;rel (Potter, Kopp, and Kopp, 1966). 
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• vliUI to'.!}:.: vcr;'1Cl:::, 2) Ijl "dth front. vuv;els, and 3) /rl i-rith 10TI1 vb\lels. 

NtH.wl enVll'O"i!'o:.ntn are to be avoided because of' their tendt.!l1cY to 

in-crc'uuce zero::: in the vetTel spectrum. In a text-depeZ1dent case, 

hovwvcr, thin matter is of less significance. stevens and House state 

that v. voiced environment, relative to an unvoiced, causes 8, 101·,01' first 
I 

forrrlr.nt frequc.:ncy and a higher secc.nd formant frequency, Relutive to 

tnalUW:t' of o.'l;'ticulntion, h1 t~1;e:r' scconcl f'orml::.nt frequencie~ are obtained 

fo)' front vcr,·re), [; in s'cop environments relaUve t'o h'i?ati vo environments 

and for fr:i.catl ve enviror.l':onts in the case of' lui and /v I· . HOI·rever 

thana i'orrr.rmt ckvio:bions &,1'0 probal)ly secondary. Of greater interest, 

pcrhap~;, a1'C the l'csu1ts ('If House and Fairban:>';.s (1953) indicating that 

vOl'Tels :tn fricative envircnr.:e'lts tend to be of c;re::iter dura'bion and 

power than tho"c in ntop envirorunents and a:l.'e therefore SOTi:oTlrhat less 

sUGcelltibJ e to formant unclc:r.shoot all<l lo:uellinr:; jitte:r. An is ,·rell knc.,m, 

d'Lt't'o.tion for U voicod' environment is e;rcater thlln for 8.n u~voiced 

EJHvlJ.'lll.lllit..:nt. 

It is ·'i'Tol'th'·Thilc to [Jt':i.cfly cont,:i.der the ext(~nt. to i·rh1 ch Data nase ]. 

is rcprcscntatj va of the t.ypo of spc:ccll .r,lO:teri:;.l the. t mie;ht typ:i.call~r bl3 

encoun~crcd in p.n :lnvest:l;-;ati ve/forc~1~' J.e si tuo.t:i.on. I-j bas beon demon

s'~ratccJ (!.!olte:r: 1973) th~ .. t indi v~idual eO'itc.!nt "Icrds in listerl sentences} 

such as ~'ms used. for Dat£l. l~:>.se 1, HVC:l't\~e '"( percent IQnger than the same 

"101'.:18 in ccmncrted text. Thus, becell::;0 of the concCim1 tant reducticm in 

vOl'Tel dUl.'n:Mor: in non-cohtr011ec1 cOtlvcrso.tiont'J.l speech, it is expected 

thnt ttU'G'3t pon:itior.G vdll ';:lC e.ttain(:~l tty :'ormo.nt.s ,;·r1 th a sli~htJ.y reduced. . 
prol>ab:i 1 :i.ty. li'urth0t::uore, the pret.enc·:! of possible backguuncl or cr.ap.!1cl 

n01::;e ,·,ill incl'(.!~J.r;c Opcl'o.tor labe11ing uncertai(lt~· a.nd I::.ssuciated spE.ctr~.l 

vnr:ta.t:i on. !;c.r.nJ.s, '''hile l:U;:ely to be cspecio.1ly V"ulnerable to noise clue 

to tbdl' ~.nhc:CG~\t 10;" cnol'~',y l::.wels, ,·r:; 11 be affected to (). ] esser dogi·ee. 
I • 

by 1'0.1:0 of .spC'(')ch. A::.ct.h0:' f::.ct.o}" ~1.iO' uo consio erorl i~ the specijral vari-

at:ion Cfi:,lS~d l~y oY~r::dd1n,s lillG,'tti::.t.le strl4.cturc ,n_ntl. end eff~c.tE.· The 

sentence 1l~~~tC)'5r11 cli' D~~.t:;, Jbs~ 1 i·i3.<3 l)l~ir.cil)<'l.lly dp.clarativ::: 8.nd labr::lling 

was un(l.cl'td:(~~l in prcd<':111inHnL:.y Sii:t'ccsod cnvil'op.!":.ent8. In forensic/in-e' vcsM.[\~~ti\Te (Lpp1ictl.tion.:: the s;)'11ta.::~jc fl'~m,=\"cl~}r;: is likely to be more c1iverse • 

4.6 MAJOR RESULTS AND CONCLUSIONS 

The significant results ancl conclusions of' this study are as 

follow's: 

1) The mean spec'trum of nlost vocalic types embedded in high hub 

consonantal contexts differs little from those of middle hub corl~exts. The 

mean spec'bra for the high and middle cases of a type are usually substanti

ally different from that of the 101" hub consonantal 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 mI'an formant frequencies for that 

type. 

3) The F-ratio, based on the intra- and inter-speaker distri

butions of a (1-C08 29) distance measure usinG the LIC opcctrum as tho 

feature vector, increases by a factor of approximately two as constraint is 

increased from a context-independent to a text-dependent compnrison. The 

highest context-depenclent F-ratio is midi-ray to that for other tiofO constraint 

condi tions "'hile the 10l'lest is quite close in value to the 10l·rest of' the 

context-independent ranking. The general order of phonetic types differs 

.bet'·leen constraint conditions ,vi th the exception of t"10 types li/ and 13/ 
which consistently rank high and 1o,,, respectively. The range of F-ratios 

within a raru~ing varied from about 3.6 to 1 (text-dependent) to 6.3 to 1 

(context-dependent). 

4) Front '1011[018, high vm·rels, and nasals appear J "I possess 

greater speaker discrimination capability than other type: text-dependent 

situation. The categorization is clouded to some degree in the context

independent and contex~-dependcnt cases. 

5) VOI"els traditionally classified as long vo\vels Ii, a, 0. I 
have lower intra-speaker mean spectral variance across diverse contexts; 

hOi-leVer, the advantage of these types in a speaker discrimination situation 

does not seem significant when the ranking by Ji'-ratio is consid~red . 

4.29 



FEATURE EXTHACTIOH 

The feature extraction t k 
as for the SASIS ,.,as carried out l'n two 

phases. The f' t h 1rs p ase provided a f~ature selectio 
l' . n procedure and derived 

a pre llJti.no.ry fe2.ture :;et all based on Data Be. • 
volved optimizin -he ,se I, the second phase in-

g featUre selectlon procedure-and deriving 
feature set. an improved 

FE!ATURE SELECTION: PHASE I 

Summary 

As part of -bhe SAS IS d 1 
eve opment, a task was under taken to 

define a set of d' ·t 1 
19l '8, parameters on \·rhich +0 base di t 

This feature "1 .' ' C, S ance calculations. 
",e cctlon process was carried out in three phases f 11 

1) 

2) 

3) 

., as 0 0i>7S: 

Define a large set of features using a heuristic procedure' 

evaluutc ouch featUre on a firr.t"order (~:i thout regard to ' 
interfeature dependencies) basis and d' . 

erl ve Tilel~hts for ec:.ch 
feature) und 

select a subs t f ~ 
. ~ . 0 reatures for each phonetic event category 

uS:ll1g a second-order (interfeature correlation) selection 
procedure. 

The end croal of th' t k 
lS as i'ras to obtain a unil'1ue set of features 

for each phonetic ~ 
even'b categor~r along ivith a set of weights fo h 

selected feature. Tl . r eac. 
1e welghts are for distance calculations. 

was cond.ucted for ea} 1 The process 
C 1 P 10netic event category independently. 

Feature De:~ini'bion 

The first step in the f 
eatu:ce selection process vas 

a candidate set of features. T definition of 
. his set is deSigned to extract 

fl'Oln the SPeech process. No 'id.1.... information 
cons_ eravlon i'fHS gl ven tiO • t'" f + 

pendencies in a.efinillG the candidate set since ln t:r ea"ure de-
has us its task decorrelo.tl' 0"1. of ' the featUl'e selection phase 

" features. 

!I , 

t 

. ! 

The features selected are of a static natQTe, i.e., they are 

extracted from the isolated three-pitch-period interval of a00ustic speech 
, 

data. No .in,'l1lation is derived from the acoustic signal external tG this 

interval. This stati,c constraint prohibits use of transitional information . 
used in the sUbjective voice-spectrogram-comparison procedures (Papcun, et 

0.1, 1973). TIro additional constraints have been factored into the defini

tion process and include observing the telephone channel bandw'idth and re

quiring that feature rules be implemental on the prototype, system ivithout 

excessive complexity. 

The candidate features are defined in Table 5.1 ,vi th term 

definitions given at the end of the table. The 162 features are partit:i.oned 

into several groups l.~ased on the nature of the feature subset. These groups 

consist of linear-predicti ve-fil tel" measurements, },l~ourier measurements, time-. 

domain features, and a special feature group. Table 5.J gi ve£ info:rm:ltion 

relating to feature nur.lber, feature location in the feature vectory array, and 

a mathematical definition of the feature. 

5.1.2.1 Linear Iredictive Filter Features 

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 (LFC) process. '1 .. he first feature subgroup (features 94 through 

100) repres~nts special,parameters obtained via the process. Derived here 

are the estit.lated positions and bar.d\oJ'idths of the first three formants and a 

measure of LFC estimation error. This latter feature measures the degree to 

which the LFC filter can estimate the indiv:i.dual speech process. 'rhe second 

group (features 101 through 164) is the set cf spectrul estimates derived via 

the LFC spectrum. A tenth-order filter, in Which no pre-emphasis is employed, 

is Ul:ied. The spectrum ~s sampled eve,ry 53 .Hz. 

11_" _________ _ 
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TABLE 5·1 
)1'eature Feature ~'eo.turc Description 

NUmber Location (Sao Cicr~lanD.tion at end Qf tf'"ble} 

• 
SASIS Candidate Descriptions 27 2!t3 S(0.3, 0.'7) - S(1.5> 3.2) 

(e 28 244 S(1.7, 3.2) 

Feature Feature Feature Description 
Number IJocation {See explanation at end of table~ 

--Special Features Sensitive to /n/--· 

--Spectral Derivatives-- 29 245 S (1.0, 1.7) - S(1.7, 3.2) 
, . 

1 217 . 8 (.5, .7) 8 (.3, .) 246 . S(2.0, 2. l j.) - 8(2.4, 3.0) 
30 

2 218 8(.7, .9) 8(.5, .7) 247 s(1.6, 2.0) - 8(2.0, 2.4) 
31 

3 219 8(.9, 1.1) 8 (.7, .9) 
l~ 

. --Time-Domain Features--

220 S(1.1, 1.3) - 8 (.9, 1.1) 
• 

21t9 Auto-Correlation coefficient bet/\1een 

5 ~2l 8(1.3, 1.5) - 8(1.1, 1.3) 
32 the first and second pitch period 

waveforms 
6 222 8(1.5, 1.7) - 8(1.3, 1.5 

7 223 S(1.7, 1.9) - 8(1.5, 1.7) 33 250 Pitch pcriod 

8 224 

I , 

8(1.9, 2.1) - 8(1.7, 1.9) 
3Q, 251 nonlinear form of pitch period 

period 

9' 225 S(2.1, 2.3) - 8(1.9, 2.1) 35 252 nc:)'U meaninafu1 

10 226 S(2.3, 2.5) - 8(2.1, 2.3) 

11 227 S(2.5~ 2.7) - S(2.3, 2.5) 
--Fourier Spectral Measurements--

12 . 228 8(2.7, 2.9) - S (2.5, 2.7) 36 509 Not used 

13 229 S(2.9, 3.1) - 8(2.7, 2.9) 37 510 8(.3, .5) p = 2 dB 

e 38 511 8 (.4, .6) p = 0 

ll~ 

.. -Sp~cial li'catures Sensi ti ve to /a/-- e 39 . 51g 8 (.5, .7) p = 2 

230 8(2.1, 2.6) - 8(2.6, 3.4) 40 513 s( .6, .8) P = 5 

15 I , 
231 8(1.9, 2.9) - 8(3.0, 3.2) .9) p = 6 

41 514 8 (.7, 

16 232 S(1.9, 2.3) - S(1.9, 3.2) 42 515 S(.8, 1.0) P = 8 

17 233 S (.3, .5) 8(1.9, 2.3) 1~3 516 S(.9, 1.1. P = 10 

--Special Features Sensitive to /i/-- 44 517 S(1.0, 1.2) P :;:: 11 

18 231j. S(2.0, 2.3) - 8(2.2, 2.7) 45 518 S(1.1, 1.3) P ::: 12 

19 235 S(2.0, 2.3) - S(2.7, 3.3) 46 519 S(1.2, 1.4) P ::: 13 

--Special Features Sensitive to /0/-- 47 520 S(1.3, 1.5) p = 14 

20 236 s(1.6~ 2.0) - S(2.2, 3.2) 
48· 521 S (1.1~, 1. 6) p ::: 15 

21 237 S(0.3, 2.0) - S(2.0, 3.2) 
49 522 S(1.5, 1.7) p = 16 

22 238 S(1.8, 2.6) - S(2.2, 3.2) 
50 523 s(1.6: 1.8) p ::: 17 

23 239 S(0.3, 1.0) - S(2.0, 2.2) 
51 524 S(1.7, 1.9) P ::: 18 

--Special Features Sensitive to (I)--
52 525 S (1.8, 2.0) P ::.,19 

21j. 
526 8(1.9, 2.1) P ::: 20 

240 S(2.3, 2.9) - 8(3.0, 3.2) 
53 

- 211' 211.1 
54 5271 8(2.0, 2.2) P ::: 20 

) S(1.7.~ 2.3) - 8(2.3, 2.9) 
~ ·e 26 242 8(1.7, 2.3) -

.. 
S(3.0, 3.2) \, .. 

-" ~ \ 
~ 
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:r'fHl tUlt.'r.! Feature Description Feo.ture ~eature Featu~e Dcscri~tlcn 
l'·cn.tu'!'(~ 

(Sec. exphl.r:at:! en nt end of ta.b1e) Number Location (Sc£..,9Xplanc.;t;:tcn t~t ,f;ld., of t~ble) 
HuJ:\~,{::r lA(!"d,i'ic.rl 

.... -------

S (~.2, 2.8) 

~t .. ,=,~ 

8(~.1, 2.3) P :: 21 90 563 P ::: 22 
55 528 

• (_ 
56 529 8(2.2, 2.4) P = 21 91 5614- 8(2.8~ 3.2) P ::: 23 
5'"( 530 S(2.3, 2.5) P == 22 92 565 S(1.9, 2.5) P ::: 21 
;8 531 8(2.1~, 2.6) P = 22 93 566 8(2.5, 3.2) P ::: 21t 

,8(2.5, 2.7) , 59 53~2 P : 23 
-~LPC-Derlvcu Speci~l Fc~ture3--60 533 s(2.6, 2.8) P = 23 

94 210 LI'C prediction error (rus)!input 53!1. 8(2.7, 2.9) P = 24 , 
signal (l'tns) 

6l 
62 535 8(2.8, 3.0} P = 21~ 

95 211 IMF~ ~ 

63 536 S (2.9, 3.1) 'P = 25 
96 212 BHF2 61~ 53? S(3.0, 3.2) P ::: 25 

, 
97 213 l*lFl 65 538 S (1.6) 2.0) , P = 18 

66 ,39 S(2.0, 2.l~) P = 21 98 214 F'3/16 
6'( 5110 S(2.4, 3.0) P = 23 

99 215 F2/1;0 
68 511-1 S(1.0, 1.7) P == 13 100 216 . Fl/4 
69 51~2 8(1.7, 3.2) P = 21 

--LPC-Derived Spectral Estimatcr,--,.,0 ~)1~3 8 (.3, .7) P ::: 2 
101 253 Not ll~~d 71 541~ 8(1..5, 3.2) P :: 21 
102 254 X,(,O) '(':) r'l~l' 8(1.7, 2.3) P :: 20 
103 255 L( .053) 

c. ~ :.> e '73 5!~6 S(2.3, 2.9) P = 22 
. 10)~ 256 t( .106) ?1, !)lVI S(.3, 1.0) P :: 0 

105 257 L(.159) '15 ;118 S(2.0, 3.2) P :: 23 
106 258 L(.212) rIG 51~9 8(1.8, 2.6) P :: 21 
107 259 L( .265) 77 550 S(2.2, 3.2) P :: 23 
108 260 r~(.318 ) f(O 551 S(.3, 2.0) P = 10 
109 261 L( .371) S(2.0, 2.3) P = 21 , 79 55~~ 
110 262' II( .l~25) 80 553 S(2.7, 3.2) P = 25 
111 263 L( .478) S(2.2, 2.7) P = 22 ,;:t 81 551~ 
112 -264 TJ(.531) 80:.> 555 8(1.9, 2.3) P = 20 
113 265 L(. 581~) 

.. 
83 5!.iG 8(1.9, 3.2) P = 20 

114 266 L( .637) Ol~ 557 .. 8(1.9, 2.9) P = 22 
115 267, t( .690) 85 558 S(2.1, 2.6) P :: 22 
116 268 • L(.743) 86 559 s(2.6, 3.2) P :: 2tl 
117 269 L(.796) 8'{ 5GO. s (.3, .6) P = 0 
118 270 L(.850) au 561 S (1.6, 3,2) P = 22 
119 271 L( .903) 

, • 89 5Gn 8(1.6, 2.2) P = 20 .," te', 120 272 L( .956) .. 
, .. 

".c; ..... 
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J 21 ~73 

(W 1:?2 271~ 

J23 2?5 
l.2J~ 2'(6 
l:J~ 27'1 
l~'G 278 

32'{ 279 
lP(l 280 

l?9 281. 
l30 282 
131 283 

l32 281j. 

133 285 

131f ~)8G 

135 ?8'( 

136 28n 
13? 289 
138 Y 

W 139 291. 

1110 2~.m 

1 Ill. 293 
11~fJ 291~ 

1)1-3 295 
11,11- 296 
lh5 29'7 
11lG ~98 

Ill? 2~~ 

lll8 300 

1119 30l. 

1.50 30n 
151 303 
15f2 SOl} 
1 ~'3 ),. 30" . ;> 

1 !Jl} 306 <. J !)!) 30'l 

~ --. ;.. "'4> ~ 
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L(1.009) 

t(1.062) 

L(1.115) 

t(l.lG8) 

L(1.221) 

L(1.2'(5) 

L(1.328) 

L(1..381) 

L(l.ll34 ) 

L(1,487) 

t(l. 540) 

t(l. 593) 
L(1..61t6) 

L(1.700) 

r/(L 753) 
L(1.806) 

L(1.859) 

1(1.912) 
1/(1. 965) 
L(2.018) 

L(2 .071) 

1J(2.1?5) 

TJ(2 .1'(8) 

L(2.231) 

I, (2. 281~ ) 

1,(2.337) 

L(2.390) 

L(2 .41l3) 

L(2.l}96) 

11(2.550) 

L(2.603) 

L(2.656) 

L(2.70;) 

L(2. rr'G~~) 

t(2.eS!3) 
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Feature Feature· -;-..... , ... ~ .. Feature Description 
Number 1ocation iSee e~~lana~ion at end of 

156 308 1('2.921) 

ire 157 309 L(2.975) 

158 310 L(3.028) 

159 311 L\3.081) 

160 312 1(3.13~·) 
" 

161 313 1(3.187) 

162 311~ L(3.240) 

163 "315. L(3.293) 

164 316 L(3.3l~6) 

• 

table 2··· 
t 
i 
I 
I 

\ 
l. 

s(n,m) 

p 

DEFINITIONS 

, , . 

is an estimate of spectral energy derived by summing the 
I 

Fourier power' spectral estimates of n kHz through m kHz, 

inclusively and taking the log10• 

pre-emphasis applied to Fourier spectral measMTement to 

reduce dynamic range over the spectrl~. P = 2 reads: pre

emphasis of 2 dB is applied. 

BWF1 Bandvridth of first formant 

Fl Frequency of first formant 

L(n) 

, 

spectral sample at n ~z of spectrum estimated via LPC 

analysis of isolated phonetic event data. Sixty-four 

samples are taken over 3.40 kHz. 

.. 



5.1. 2 .L1 Background 
In the utilization of linear predictive encoding techniques, it 

is useful to establish a model o:f speech production based on the :following 

assumptions: 
1) During the analysis interval the overall transfer function 

of the vocal tract (glottal source, mouth con:figuration, lip radiation) 

can be :r"epresented by a linear time-invariant fri ter consisting only of 

filter poles. 
2) during the analysis interval, the vocal tract configuration 

is assumed ·~o remain fixed in shape. 

In the SASIS system, only vowels and nasals are used :for speaker cOi1!Parisons. 

For vowels the assUi1!Ption of an all pole representation is quite appropriate. 

llowever, in the case of non-velar nasals below 5 kIlz, a zero is introduced 

by the coupling to the occluded oral cavity. Thus, those :features derived 

from a linear predictive analysis can be considered of less value for 

nasals than for vowels. The assumption o:f a :fixed vocal tract shape ;rill 

be discussed briefly in relation to analysis interval length in Section 
i I 

Implementations of linear predictive encoding procedures can 

invariably be associated 'Ivith one 0f ti·ro formulations: 1) the covariance 

method, and 2) the autocorrelation method. In the covariance method (Prony, 

1795; Atal and Hanauer, 1971) the signal is defined for M+N consecutive 

values "here M is the number o:f time sall!l>les on which a prediction is based 

and N is an integer defining record length. Mean squared error is then 

minimized over the record of N samples. In the autocorrelation ~pproach 
(Wiener, 1966; Itakura and S ai to, 1970, Markel, 1971), the signal is defined 

for all time but i'lindowed to be non-zero for record length N. Minimization 

of mean squared error is taken over all time. 

other points regarding the f . 
TheoreticalJy it. t onuulat10ns deserve mention. 

., 1S no possible t 1 . . o aC11eve unstable results 
autocorrelation methodjwhile in th' with the e covar1ffilce formul t' 
are possible. Computationall tl a lon, such anomalies 

. y, 1e autocorrelation th 
plexity than does the COy . me od has less com-

ar1ance method in the call' 
equation coefficients and th cu at10n of the linear 

e subsequent solutio 
however, that under th' n. It should be noted 

e assumpt10n of stationar·t ' 
reduces to the autocorrel t' 1 Y the covariance method 

a lon method. 

On the basis of . computatlonal simplicit 
mental results that h . y and excellent experi-

ave been obtained by other researchers, 
correlation procedure i'laS chosen as the auto-

It 

the method of analysl's f 
is of value at this point to . or this i'lOrk. 

in more detail. Let th rene'l'T the autocorrelation formulation. 

t T . 
e sampled speech signal b 

/ (

T e denoted by s h 
1S the sBJupling period) Aft ,. n '1'1 ere n = . . er inndo"" ng it· 

1S non-zero over a re d 1 ._. ~s assumed that s 
cor ength of N. It is desired t n 

by a linear weighted 0 approximate sn 
sum of the preceding M samples 

M 
= s 

n L. an s 
'-=1 AI n-,-

The error betvreen the actual 

I time point is then given 

e = s + 
n n 

signal and the predicted value 

s n",e, 

and the total energy of the error record by 

E = ~ 
n 

2 e n 

at a discrete 

The problem is' thus one of minimizing E 'th 
coefficients a '- _ 1 W1 respect to the predictor 

,-' -, 2, .•• , M. Upon takin th . 
respect to each of the d ,. g e part1al derivative with 

an an 1nsert1ng an an ' 

we O~tal'n the t f AI ~propr1ate cha:rlge of ' 'U varlables 
se 0 autocorrelation normal equations: 

5.11 
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r = ;, 

M 
~- a. r. II 

j=l J J-)J 

: 
,where for an arbitrary;', 

N-l-d.e , 
r;, = ~' 

n=o 

;, = 1, 2, .•• , M (5.2) 

The matrix represented by this set of M linear equations is a Toeplitz 

form and therefor~ readily amenable to an efficient solution by a 

recursive procedure requiring less than the order of M3 ~omputations. 

From equation 5.1, it is apparent that the discrete transfer 

function of the inverse linear filter is given by 

M _;, 
~(z) = 1+ ~ a;, z 

.e=l 

The effect of the inverse filter is to grossly transform the speech 

spectrum into a spectrum of constant amplitude. Effectively, the signal 

is recluced to ,·rhite 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 p~le model 

A(z) = 1 

As M approaches in~inity, the mean squared spectral error is reduced. In 

this study, however, that fine spectral structure resutting from harmonics 

of the fundamental frequency is not of interest. The order of the filter 

is, therefore, limited to exhibit overall formant s~ructure only. 
I 

5.12 
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The power spectrum of the vocal tract transfer function is ob

tained by evaluating A(z) on the unit circle,l 

. ",2 Sew) = IA(z) 'wT 
z=eJ 

An alternate method of computing the spectrum, ''lhich 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 [1, al , a2, •.. , 
~, 0, . .. , OJ. 

Formant frequencies and band1'lidths are easily computed by 

solving for the poles of equation (5 .~-). Equating amplitudes and angles 
th between the z and s domains, we obtain for the j formant 

-1 z.ei = -f tan s 

and 

5.1.2.1.2 Sample Frequency Tradeoffs 

In selectipg a sample rate, consideration 1'las given to the use 

of a sampling frequency other than the 10.0 kHz rate vii th a 4.0 kHz cutoff 

originally proposed. Certainly the use of a ID.O kHz rate \'lould be a prelude 

to the utilization of speech of bandvlidth greater than that obtained from a 

telephone channel, if such data "lere to be available. Hovrever, it is antici

pated that most speech material operationally inputted will be derived from 

1 . t In some clrcums ances 
useful to compute the 
with the unit circle; 
utilized • 

involving the precise selection of formants, it is 
spectrum along a circle interior to and concentric 
hovrever, in this work, off-axis spf~ctra are not 



a telephone channel and thus bandlimited to 3.2 kHz. l~e use of a 10.0 kHz 

rate on data of this nature can be expected to introduce de~~dations into 

the analysis process. Sin~e no significant speech energy \'Till be found in 

th¢, frequency reg;:i,on 'beti'lcef" 3.2 and 5.0 kHz, the spectrum generation process 
," . 

employing lineal!' predict:!. V0 ;'l;n"~J.ysis vlill be modeling a noise spectrum above 

3.2 l\.Hz as vTell as a signal spec/"rmn belovr that frequency. Qualitatively, 

the result is al~ increase :in I'llp.;',m spectral error over the frequency range 

of' the signal and. thus a concomitant reduction of the value of features 

derived from the LPG una13fl3is. The difficulty is not limited to LPC derived 

parameters. Other featu:r:es and derived system statistics ivould lack optimi

zation 'l'Tith 3.2 ]\.Hz speech. 

Given 1) the practical impossibility of developing and implement·· 

ing ti'To sets of features and statistics, one for each bandi'ridth, and 2) the 

expected 10ir use of wide bandi'i'idth material, for basis and query utterances, 

relative to telephone material, it was decided to employ a sampling rate of 

6800 Hz all a.nalysis and implementation. The prototype system i,rill, 

hovrever, have the f!apabili ty, in hardvTare, of sampling at higher rates should 

it be deemed desirable in future situations. 

5.1.2.1.3 Implementation 

The purpose of this section is to describe the specific LPC 

implementation employed in the SASIS software and to discuss 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 ex{~racted, 

2) pre-emphasis of the input signal, 

3) the order of the inverse filter, and 

4) the number of spectral estimates derived. 

The selection of the number of pitch periods to be consistently 

extracted for analysis 'vas made on the basis of quali tati ve judgments. In 

general, it is desirable to avoid record lengths which are of su~h excessive 

- ~ I 

I , ii' / ' f ~', 'I \ , ~ (', ' 

I ' 

I 

duration that frequency smearing results from the non-stationarity of the 

vocal tract. Furthe~more, the use of such a length may, all too frequently, 

exclude from the comparison events which are quite short in duration. For 

these reasons, the ~tilization of four pitch periods was eliminated 
I as a 

possibility. 

, 

On the other hand, the use of extremely short 'analysis intervals 

has undesirable eff'ects including 1) an unduly heavy reliance on the skills 

of the opera tor in extracting the des ired time segment, '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. 

Frequency resolution for an 8 ms pitch period is 125 Hz. More importantly, 

however, the results of a single pitch period anal~rsis i¥ill be highly 

dependent on any environmental/background noicc or undesirable sp~aker 

effects superimposed on the signal at the point at w'hich 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 perjods. To further lessen that intra-token variation that 

may arise from differing operator choices, a decision "las made to extract 

three pitch periods from all tOkens., Windovnrig of the extracted time 

sequence is not employed since the analysis is pitch 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=12) were 

generated from the five phonetic events ri, u, a, ~, nJ of each of three 

speakers (No's. 3, 13, and 27 of data Base I). For three of these' events 

[i, a, nJ pre-emphasiz~d spectra welle produced from: the same data records. 

All records were comprised of three 'Pitch periods. Th~ pre-e~phasis transfer 

frunction employed was ~p(z) = 1 - cz-l where c = 1'(1)/1'(0). The values of 



• 

1'(1)/1'(0) derived in the first case for each event '''8:t'e used as the pre

emphasis constants for the second case. The length o~ the data records 

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

Q\lf.H1.titative results are presented in Table 5.2a. 

Without pre-emphasis dynamic range varied from 25 to 49 dB. 

Due to the effects of the SEG 3002 telephone channel simulator, the peak 

of the first formant was typically reduced by 3 to 10 dB relative to the 

seco!lcl in the unpre-emphasized data. The lnCl.:.1cil1mm difference in amplitude 

'between the first and second formant was approximately 10 dB. For the 

vOl·rels [i, a.,a.] of speaker 27,. the peak. of the second formant ... Tas greater 

in amplitude than that of the first. The normalized autocorrelation value c 

displayed considerable :i,nter-phonetic and intra-speaker variation (-0.336 

to 0.812). 

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

.. as mnch as 14 dB. The mean sCj,uare inverse filter error was, in some 

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

the first formant frequencYj vas raised by typically 10 to 50 Hz. 

Given the results of the experimentation described above, it 

w'as decided not to employ pre-emphasis for the folloi'ling reasons: 1) The 

telephone channel effects a considerable reduction in dynamic range. In 

some cases, attenuation of the first formant is such that ,'I'i thout pre

emphasis it is exceeded in peal\. amplitude by the second formant. 2) The 

optimal first-order pre-emphasis constant given by r(l)/r(O) 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 

const~~t that can be assumed to reduce dynamic range for all inputs since ,,,. 
suppression of the higher frequencies is occassionally required by use of 

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

heavily ('j,;ttenuated, there exists little chance for confusion betvleen the 

• 
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glottal source and the first formant, thereby obviating the need for pre-

emphasis. 5) 
log spectra. 

The dis~ance measures employed in this work are based on . 
The significance of log spectr~l differences in the d.istance 

measure is essential:J.y eq?-al from low frequencies to high frequendes which 

may b~ reduced in amplitude. 

III addition to consideration of the use of pre-'E\mphasis it is 

necessary to determine the desired order of the inverse filter. The 
I 

spectra of t"TO vovTels and one nasal [i, 0., nJ of each of three speakers 

were generated without pre-emphasis for the purpose of establishing an 

appropriate value. The spealters and data records employed were the sarn'e 

as those of the pre-emphasis experimentation. The ratio of the mean square 

error signal 'bo the ;nean square input signal was computed for each of the 

six tokens as a function of M. ELots for two events of one speaker are 

shown in ]'igure 5. J..a. In general, no significant decroase in normalized 

error WO.s achieved as M \'faS increas ed above 8. Hovrever, from an 8..'Xamina tion 

of spectral outputs it was determined that, some cases did exist in \vhich 

primary formant structure vms not fully developed until the use of a filter 
1 

of order 10. Fot' these reasons a tenth order filter ,vas selected for this 

work. This value is somewhat less than 1\"Cluld be required for speech that 

has not been exposed to the effects ot: a telephone channel (:Makhou1 and ''fo1f, 

~972) . 

An addi t,ional paramA!;er requiring quantification is the number 

of spect:l'.'a1 estimates to be derived from 11:.he linear encoding process. 
t 

Selection of this parameter is not overly critical since fine spectral 

structure is not of intet'est in this work. A suj.table number of zeros 
I ' 

ivas appendecl to the sequ~nce of predictor coefficients 'to yield 65 

frequency positions (including zero frequency) from the discrete finite 

, 1 
In the cnse of M==lO, the normalized. error power ranged from 0.068 to 
0.355. 
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Fourier transform. FreqU,~ncy spacing 1'las, therefore, 50 Hz. Thus, from 
• 

these spectral estimates a formant frequency can be determined to within 

50 Hz and two formants no ll~ss than 100 Hz apart ,dll be discernible. 

Such resolution is more than adequate Biven that the separation between 

two formants ~.s rarely less than 200 Hz. 

A block diagram of the stages of processing used for developing 

spectral feature ini'ol'mation in bO'bh the analytic and Pl'ototype systems is 

given in Figure 5.lb. Foll~ring scaling to 12 bits, the autocorrelation 

vector r
i

, i = 0, 1, ••• ,,10 is generated by simply summing the lacged 

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 t s me!;hod and the frequencies and band' .... idths of three first three 

formants computed by finding the roots of the inverse filter polynomial 

using POLRT (sinele 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 

Fourier transform ir taken of the sequence of predictor coefficien'~s with 

zeros concatenated. The pOi'Ter spectrum is then computed, inverted and 

expressed in quarter dB with the greatest value set to 255 quarter dB. 

The word lengths 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 ex~~ple of a spectrum resulting from the lin~ar predictive 

encoding proces.s is sho'l'm in Figure 5 .lc . 
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5.1.2.2 Fourier Measurements 

The Fourier measurements consist of a Fourier spectral measurements 

group and a Fourier spectral derivatives group. 

~he 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. N:o \'lindovl is used, since exactly 3 pel'iods are 

represented and array points outside the 3 pitch periods are set to zero. 

The transfonn 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 10glO transformed, 

and a spectral flattening pre-emphasis (given in Table 5.1 by P ::: N dB) is 

applied to reduce the dynamic range. The expression describing the measurement 

is 

where s(i,j)::: spectr~l measureffient for the interval i kHz to j kllz, 

expressed in 0.25 dB, 

e(i) = Fourier sample corresponding to i kHz, and 

F(n) ::: magnitude of the nth Fourier coefficient . 

The Fourier group is diviq.ed into tvTo segments. The first subgroup, 

features 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, features 65 through 93, are special bandpass 

estimates of varying bandividths and positions. These features are employed in 

the ratio definition of the feature group sensitive to spec,ific phonetic events 

(features 14 through 31). 

The spectral derivative group (featUl'e8 1 through 13) measures the 

slope of the spectrlJll1 in 200 Hz segments from 300 Hz to 3100 Hz. Each 

resulting measurement is the 10glO of ratio of hiO contiguous 200 ~lz bandpass 

segments of the Fourier spectrmn. Note that these derivatives are along the 

frequency axis and do not measure temporal effects. 



Time-Domain Features 

The time-dom,ain feature group (features 32 through 35 in Table 5.1) 
t 

measure q0rtain temporal parameters about the three-pitch-period event 

segmen'b. These include pitch period length, T, and periodicity, R(T). 
~ I 

Special Feature Group 

The special feature group (features 14 through 31) is sensitive to 

events /a/, Iii, /I/, /0/, 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 e~~ressed in 0.25 dB units. 

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 category separately. Each feature is evaluated based on its ability to 

discriminate among speaker categories. 

The purpose of feature evaluation is to provid.e 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. 

I 

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. 

I 

Feature evaluation is based on the F-ratio' (Pruzfl.nsky and Mathe"TS 

1964) and measures the degree of interclass spread co~pared to the mean intra
I 

class spread for values of the feature under consideration. The F-ratio is 

defined as 

variance of class means F = ~~~~~~~~~~~----~----mean of individual class variances 

The F-ratio used in this first phase is based on context independency, 

i.e., phonetic events are grouped on the basis of t.he phonetic classification, 

'\\ri thout regard to coarticulati ve influence of adjt1.cent events. The advi:!~tage of 

this approach is that it makes the F-ratio computation much simple~. The 

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

FRI = 

where 

1 Nc , 2 

~c.-J 
('" A) ~ F - F 

c-l c 

Tc 
~ F 

t=l tc 

" ~, : 
:Nc 
>: F 
c=l c 

Ftc = the t th to1ten .of feature F in clas s c, 

Tc = total number of tokensi in class c, ~nd 

Wc = total llUl'lbf2:r of classes. 

As w':Ll1 be pointed out in Section 5.2.3, this F-ratio was enhanced, 
"ll,' . 

introducing cont;(:::~~:t consideration (text dependency). The final feature set 

is based on the enhancement. 

Table 5~ 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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-5:~-.4 FEATURE SU13SET SELECTION 

• 5.1.4.1 Procedul'e 

• 

The final pha.se of the feature selection task is ·that of selecting a 

subset of the IG2 candidate features for each phonetic event category. The sub-
se,f'selected is the set of features used in 'the distance measure comput~

tion for that phonetic event. The selection process employed- is be.sed on the 

F-ratio derived in the feature evaluation phase and on the l62-dimensional 
j' 

i, 'feature correlation matrix. 

As in the feature evaluation phase, eac~ 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 ifhich have large F-ratios and, at the same time, 

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 II'.:ltrices for each 

'?f'the 25 speakers represented in Data Base 1. 

derived a.s follows: 

11he correlation matrix is 

Cij 
is the 

where 
k Cij 

25 
E 

k=l 
, 

is the mean correlation coefficient bet\-reen features i and j, 

correlation coefficient for speaker k. 

( ( k A k) k ~ k) } 
l Ex. x. (x. - x. 
C~.= ~ ~ J J 
~J k,( k 2 k ~ k2 

[E ( ( x. - Xi ) } E [ ( x. - x. ) J 
~ .J J 

k th th where x is the'i feature of-the k speaker, and 
i 

k = E [x.} 
~ 

and 



• 

The feature subset selection algorithm first selects the best 

single fea'bure (based on the F-ratios), and then rules out all other 

features as candidate features, which have correlation greater than T ,'lith 

the selected feature. The threspold, T, is determined empirically. Of 

the remaining candidate features, the second feature is selected as that 

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 candidate feature exists 

for consideration. Appendicies 5A and 5B define alternate procedures for 

defining a feature space. 

5.1.4.2 Parameter Derivation 

The two parameters speci~~ed are the correlation threshold and 

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

parameters, a sequence of e.."<.periments ,{ere conducted using three phoneti.C 

events. The events used are Iii, the best performing of the set, /0/, 
whose performance is about middle in the group, and /s/, 'vith very poor 

performance. 
i ' 

The parameters were determined sequentially, assuming inclependence 

bet"reen the threshqld and number of features. The performance criterion "laS 

the SASIS operation characteristic, SOC, curve which measures interclass con

fusion versus intraclass accuracy based on the Iveighted Euclidean distance 
metric. 

The first parameter to be determined "tas correlation threshold, T. 

, Figures 5·2a ·5.2b and 5.3 sho"\,, SOC curves for the three events for T=30, 40, 

50, 60, and 70, and with the best 18 features. Events appear to perform 

optimally ''lith T=50 to 60. A threshold of '1:..:(:)0 vias selected. The effect of 

correlation undiscriminatory pOlver is discussed in Appendix 5C • 
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Figure 5.2a SOC CUrves fOr the event /i/ based 
on varying the cor.rele.tion threshold 
for accepting featUl'es and selectine; 
the top 18 features.' 
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The next experiment conducted was to determine the number of 

features to be used in the diEtance lneasUJ.'e. Again SOC curves were 

employed und vlere based on w'eighted Euclidean distance. Figures 5.4, 5.5, 
and 5.6 shovr results for the three phonetic events where several sets of 

features and T::.;60 ,.;ere used. The numbers of feature making up each set 

were determined by using the selected features ,d th F-ratios greater than 

1.0, 0.7, 0.5, 0.3, and the highest ranked (according to F-ratio) 30 

features. Performance, in general, improved as· the number of feattl'res in

creased up to 20. Above 20 perfOrmn!lCC appeared to vary only slightly. 

This is probably due to the 10\., weights assigned to the last feature 

selected. It ,,,as also observed 'bhat performance did not deteriorate as 

the si~~e of the feature base "Tas incrct:l.Sed. This observation, tends to 

verify the validity of the correlation selection and "reightinG procedure 

in that contributions by additional features are apJ.)ropriatel,r HCightl;'d 

and decol'related i'li th existin~ feature information. 

A feature set size of 30 was selected for subsequent processing. 

Feature sets Selected 
I ' 

Table 5.3 lists the features s~lccted for all 14 phonetic event 

cater-ories from this first phase of feature extraction. Features axe' 

listed by feature nunlbcrs and are ranked 1 through 30. Only the top 30 

selected features (with exception of event number 29, ,.,here only 29 were 

selected) d,re shO"~m in the table. 

The features selected are predominantly those which measure 

eneraicG or enerey differentials in the second and third formant regions. 

The first fortrwlnt reGions are also represented in the low vOifels, "There 

the first formant positions are high enough to pass tlu.'ough the communications 

channel. Other features a.re scattered tltt'oughout the sets; however, it appears 

that the feature information is greatest in regions near theSE: formant 

positionr. . 

-------
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Figure 5.4 soc curves for the event /i/ usine inter
feature correlation threshold of 60 and 
varying the number of features. 
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5 
6 
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9 
10 
11 
12 

13 
l!~ 

15 
16 

,17 • 
18 
19 
20 
21 
22 
23 

24 
25 
26 

'··27 
28 

29 
30 

~ -.... 
'mLE 5.3 

.. Featu.res Selected for Individual Phonetic Events 

Event No. 
20 21 22 23 24_ 25 26 27 28 29 30 31. 32 33_ 

139 87 141 20 63 151 2 35 35 17 18 23 33 33 
87 9 4 25 14 14 16 21 23 20 19 34 155 35 
l~ 20 20 155 153 17 153 151 115 i6 143 20 130 14 

33 3 53 9 35 20 20 20 17 35 24. 152 129 60 
127 4 25 14 2)+ 93 87 17 67 19 148 17 22 31 

9 141 128 21 94 34 21 18 20 151 34 30 13!!- 153 
53 108 3 139 68 94 67 57 '126 61 9 142 14 8 
94 1 17 142 73 9 115 9 114 127 31 12 26 129 
3 16 94 65 18 30 14 11 142 12 35 14 29 18 

68 35 46 147 127 56 120 1~·2 154 63 29 114 124 146 
29 1[4 109 29 148 24 113 87 37 53 130 24 97 21 

. 56 86 8 24 11 128 129 33 30 24 11 77 63 47 

35 102 33 67 13 100 11 128 121 102 12 11 45 56 
102 17 1 51~ 132 109 141 117 56 11 8 161 70 51 
120 123 5 150 12 46 24 131 J. 41 '126 37 20 26 

\ . 
144 33 35 33 134 4 35 III 52 8 54 3 13 40 

41 14 59 8 20 12 114 4 4 124 5 53 1 126 
93 48 150 13 17 131 33 24 14 4 121 112 111~ 131 

109 153 102 126 26 133 55 54 26 7 100 8 11 4 
5 64 14 64 100 13 4 61 62 110 1 26 6 112 

39 2 2 98 9 37 1 19 46 48 37 2 12 13 
151 8 7 3 29 54 3· 5 97 6 2 136 98 2 

6 100 6 5 3 64 97 8 123 109 3 1 8 12 
100 150 100 6 2. 7 123 ·47 33 98 107 122, 9 9 

62 12 64 12 107 26 102 133 29 96 7 127 99 109 
99 77 95 40 13'7 115 29 3 137 99 6 98 110 2l~ 

11 7 98 107 41 90 12 97 6 115 99 105 32 102 
32 99 97 37 120 35 26 12 102 32 111 130 10 98 

95 6 99 108 4 48 IiI 113 12 95 98 64 95 135 
13 95 32 4 39 8 5 100 39 N/A 95 40 96 7 

'e 

i' 

" 

" 
, 
" i'. 
;! 
\'i ;1 

• '-

1 t d the LPG spectral estimates, .specia1 Among the features se ec e , . " 
. .. t t . n events (bu'C not necessarily those events ... or 

features sens~t~ve 0 cer a~ 
. . d.) and spectral derivatives are most popular. The 

which select~on vTas ma e , 
t re not as well represented as were the Lro, 

FFT spectral measureruen S "Fe 

probably due to finer gradation of the TJro measure~ents. 

4 
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FEATURE EXTRACTION - PHASE II 

Summary 

A second phase of feature extraction was undertru(en. The 

purpose of -the task Jis t? optimize the feature base on the training 

portion (75 speakers) of Data Base II. 

In order to carry out feature optimization, bro factors were 

considered. First, an effort has been applied to measure the standard 

deviation of each feature's value across disjoint data bases. Second, a 

measure of consistency in performance of a single feature set across 

several data bases "ras made. This latter factor resulted in a modification 

of the F-ratio featUre evaluation procedure. The modified F-ratio utilizes 

a text dependency constraint and has been determined to produce a more con

sistently performinB feature set across both data bases. 

As described in Section 5.1.1, the feature selection procedure 

is partitioned into three phases, as follovrs: 

1) Define a large set of featUres using a. l1euristic procedure. 

2) Evaluate each feature on a first-or(ler (I·rithout regard to 

interfeature dependencies) basis and derive ",eights for 

each feature. 

3) Select a subset of features for each phonetic event category 
I 

using a'second~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 alweight 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. • \ 

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, selects a subse't of 

the 162 candidate features for each phonetic event. The selection procedure 

is a sequential procedure i.,hich 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 ",hich is 

highest in F-ratio, and 

• has a correlation coefficient no greater than .6 
(empirically derived) i'Ti th features already selected. 

The selection process continues until either 30 features have been selec·ted 

or no candidate features remain, "rhichever occurs first. 

Verifying FeatUre Statistics 

A task i'Tas 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 procedUl'e for measuring the v:alidi ty of the feature 

selection procedure is to perform the same process on different data bases 

and to compare resultant feature sets and their ,.,eights. The disadvantage 

of this approach is t.hat the selection process is nonlinea,.r in na.ture and is 

sensitive to minor va.riations 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 features exist for each phonetic 

event. The 162 candidate features have many subsets with high internal 

correla.tions, one element of which might be selected. ,vi th one data base and 

another for a different data base.. For these reasons, this verification 

procedure was not used. 



5.2.2.2 

'.1', 

Verification Bpsed on Analysis of Interclass and Intraclass 
Standard Deviations 

A more acceptable verification procedure is to evaluate the 

features individua+ly on several data bases and to compare their intraclass 

and interclass starl.dard deviations. For the purpose of this experiment ~nd. 
subsequent experiments defined in this section, the follo,ring definitions 
vTill be emploJred: 

DBI 

DBIIA 

DEIIB 

Data Base I 

A randomly selected set of 75 speakers from 
Data Base II 

A randomly selected set of 75 speakers of 
Data Base II and disjoint from DBlIA 

An experiment was carried uut in which DBI, DBnA, and DTIIIB were 
analyzed on the basis of interclass and intraclass standard deviations. 
These standard deviations are computed on a context free basis in the 
following manner. 

IfF cj is the j th token of feature F from speaker Cclass) c, 

1\ 
F = ElF 1 C j cj 

1\ (I F >::: E P
cr 

then c 

cr:- (f 1\ 1\2)1 
interclass = ~ t (Fc - F) r)~ , and· 

= [E[E ICF -FI\C)2f}]]~2. ~ I . 
C . j \ CJ 

orntraclass 

The F-ratio, FRI, is defjLncd a.s 

Tables 5.1~, 5.5, and 5.6 show the results of the analysis per

formed on the first 46 features for the event /I/ from DBI, DBlIA, and 

DBIIB. This example is typical of other events and other features. 

In these tables, 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 colillnn is the feature 

weight (IFRl x 100). 

Comparison is based on s'bandard deviations, std, by measuring 

the variation between·thE: estimated statistics for the same features 

across different data bases. If 1<re define the interclass sample variance 

as ,..2 and the :i.ntraclass sample variance as U)2; then from A:npendix 5D ,·re 

can estimate the standard deviation across features bet"Teen t,vo data bases 

as 

std 2) '2 1 
2 =-

'2 "S-i 
,and 

st.d 
(

w 2 W2) 
-1-._--.;;2;;... _ 1 
w
1

2 .L W 2 - , 
r 2 '\' (N-I) S 

where S is the number of speakers, and N is the number of tokens per speru(er. 

Table 5.7 show's these values estimated from the data and the 

theoretical values. 
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FElH tiO. 1.6, UII:flll();~ 
f- Ell r NO. :1.7, LOCAl rorl 
FEt IT no. 1:;:, l (lC ii 1 rot: 
HIlT tltJ. 19, LOCHl rotl 
FErll riO. 2;:1, UXtiTWtl 
FEflf tlO. :=!1, UK fiTlO!I 
r·EflT tlO, 2;;!, LOC fill (It I 
FE"tH prj. 25, LOCH r! O~I 
Fenr no. 2-t, LUit1n(;~: 
FDH tw. ?5, Loon lOti 
HnT tl;). 26, If:Cnl 10il 
HilT no. 27, lOCHIJl.ltt 
FlflT rw. 28, LOCI:IlICltI 
FEliT UG. 29, LflCfI ( TOti 
FE! 1ft 10. :W, LOC tH I I)U 
f-U'IT tKI. ::':1., LOCIH r(!~l 
FErn no. :32, LOCflf WU 
FLIIT Uf). 3:;;, LOCilT Wtl 
FEfiT tiO. :N, LOCnn,jU 
FEflT riO. 35, UJefl noti 
F- En .. tlO. 36.. UK.1i I IOU 
FDH no. 37, LfICftf IuU 
f-[!lf titl. :::::::, LOCliflorl 
Fttif tl,.'. ~:::Ol Ll)':flT II)!! 
Ff:nf tlO, 413, lOUII Wrl 
FliiT l~iJ. 41, 1.0(I1T lOll 
rEnT t!.). 42, UJCflllOtI 
FI fir t,(I. 4]:, LOiliffOtl 
I:Ufr t:O. 4·1, LOCllr)rl~~ 
Fl liT 110. ·1::., 1.0lJlnntl 
rrnr tlO. 46, LOCilfWH 
fltl r t!O. 4(1 LOf!"1 rION 
FE fiT tlO. ·IB, LOCflllUU 
FFHT tw. <19, UIUII Intl 
FUIT tin. t;u, LOCiil JOtl 

:;,.~.,c:.; .. 
~·~i;:' .-.-...... 
':' .. fJ 
:-;-:;~t:, 

2';.:.~} 

~·2(l. 

2"::·1, 
2:3?, 
2:t:!:. 
2~·1. 
2:·:i~ 
r. - .. -
.:!..!.r.;. ~ 

2::'7J 
238, 
;?~S'.t 
2·H:t, 
2·11. 
;:-.. 121 
2H. 
2·1-1, 
2·15,. 
~~,tf.i. 

2"(?l 
:-:-t3 ... 
2'~(t .. 
~!.:(l, 

::.. '.:':::, 
':.OJ, 
::;.1 (I, 
:.1:1, 

HlfPA 
Ttl if:A 
JNlkfl 
I!HHI 
Itnr'I1 
IU Wf! 
Wff.:fl 
Wff."H 
I~~ Wf1 
HHPfl 
Itll I'·~fl 
ItW·'f! 
IrW'fI 
ItW"fI 
ItHl·:fI 
Iff: PO 

~11~~~., I tf: ~ ~A 
!H3, Itm~fl 
~.1-1. .. ItHl·:n 
515, Hm··A 
!)j6, ltHF:n 
~:H7, nHF:fI 
51 ::::, IIi 11··f! 
!.il::;, W n;'n 
~I;'~('. 
!.:,:;:.1. .. 
~I:::"~ .. 
~ •. ?3, 

It! f·f· 
W f-:fi 
H! I-:rl 
Itl :,11 

::r' 16 6'1<1:1..· 
Sf' 1~:. l(!::'O., 
SC' 2~'. ~,]:' t~ •• 
s[;· 1::::. :! 7(15, 
:::[.' 15. 71~J7~ 
sr· .16. 2eH. 
::.c> 15. ;'50r 
:;:.[) 1':). 1 ;~.7:L. 
~D j.f~ }1'::~., 
::['11::. 7':'1):), 
~.(.t :::. :;: .. l:',.4 .. 
S[) 1. 701>;;(1, 
sr· 21. %16 .. 
5[:' u. Ln)[!;), 
S() 12. 7~·t::::, 
S(l 17. ::!·23.::t •• 
~.~) if.. u:!~)3_. 
:;.(. 15 :C;;·1';:?, 
$[' :11':;. ::::·1>;.1, 
5[1 1:3. 510':., 
::.[.0 J.:3. fll':'9, 
5l' 17. :,':;·;~1 .. 
S(, 17. O~ I? .. 
sr· 1::::. ;'::~:'~~5 .. 
SC· c») .. ~~?i1. 
sr· 1;:,'_ ·1~':::5 .• 
::.l> £.0. :::1'_,:);3. 
so 2:$. J2~·3~ 

n:lE:f;: :;:[:0 t::.9'..·::'.':: .• F -F·:f!rIO 
1 r. ! [I:'; 5\) 6. ,t~,:G.. F-["fn 10 
In EF: SC' 7. H'-'}, F-pnnO 
H.IET: ';0 :::. fllW .. F-PllfIO 
ItdU~ 5[1 G. ~HOt.. F-F'IiTIO 
H.1ER SI) 7.2~.1"";3, F-F:fIlIO 
UH I:h' ':;D :::. :3FJ~, F r.:n I IO 
1tHH~ SO :W. 1'.:,',,'~, F-F'lHlO 
HflH' SO 12 1::;'0, F-:;:nnO 
Hilt:l~ ,.;:. 13. B';·l?, F-Ril!lO 
It.; I ~F: ::.(i 13. ~}992, F- f'~t11I1) 
H:rEP ::,[, :!l. 27l0, F"PI111O 
H.fE.R S[.t ~2 1B'j, F-RATW 

TABLE 5.4 

Feature values for event I based on DBI 

e 

NO. Tot(ENS = 9131 
FErH tm. 1. LOCATION 217, 
F[AT rio. 2, LOCATIotl 218, 
FFflT UO. 3. LOCATION 219, 

INTRA SD 14. 2254, 
un f.~A SD 1.5. 16l6. 
un F'n 50 1.1. 8306, 
IP/;-:ii S[) 11. 53~:;:.1, 
Jt;j ".'rr ~,() :i '5 ,;.'.;:::'4, 

lInER SD 
IIHER SD 
ItnER so 
na!:p. 5D
It~ I ;~r.' 5') 

9.8186, 
11. 62sl, 

7.20501 
C. ~7·G, 
::f. 8.1~.~". 

F-RATIO 
F-PflTIO 
F-RATIO 
F ... I:·flTIQ 
F-·r.;'I:1LO 

g~ ;~~~ t;g~i- . ~~ 
FEAT tm. 4, LOCflTIOU :'=-::::0. 
Ff:TiT tiO. 5, UXfn lOti ~.:::::1., 
1'!.J1T r~o. 
t=l fiT tm. 
FEtIT til). 
n flT UO. 
renT tl'J. 
f-nlf tn 
FLnr tit). 
r-u" r tlO. 
f!:f! r !-FI 

[flIT tlo. 
f FIH tJO. 
Hflf WJ. 
r,'l:fn t :0. 
FElif rn 
FFtlT t!o. 
f LlH tlO. 
f'F!H NO, 
HilT tiO. 
FEfiT tiO. 
FlTIT rIO. 
H·m tliJ 
FEriT tlo. 
Hnr tiO. 
FErrf tIO 

·FEiH Nt). 
fl'IIT tI~). 
HIH two 
HftT WI. 
Fun tiO 
r FliT H.). 
FLiH W) 
Fun t:o. 
FCt'! r tl·). 
Fl"n run. 
FEIlT t~I). 
HIlI' r:,J. 
FEaT tw. 
HUT t:;). 
FaIT t.o. 
FE.aT tw. 
filtH tl(l. 

6~· L')Cf: f!':!t" 
7, LOCfITIOiI 
8, Lnc fI fI Crt! 
'), LrrCi1TInr~ 

222} 
::;:·~3 .• 
2.:::4, 
22:;" 
2:::,~, 10, LOU:f 1(1:1 

:1.1. UICl'rI I(I~t 
12,'LOCI1 r IOtt 

"r-I- .,' 
.~ .. t,/' 

2;::;::, 
:1.<--, 
:t·h 
l!::i, 
:16, 
17, 
1:31 
:19, 
20 ... 
21, 
:??, 
":'7" --I ;;;04, 
25, 
", -.::.t..JI 
,7 

, .. t " .:,.: .. 
_· ... ·1 

291 
3ftJ 
21, 
7:2 ... 
-; ..... 
"::'..:;-, 

. 7.4, 
:~5, 
:::6 .. 
3:/, 
_~e! 

~;Sl, 

40, 
41, 
42, 
4:;, 
44, 
4:', 
·1':;, 

LOCATV ... : -;~.:"-'" 
LCu: ~ r 1 (.t! - ::::.~\ 

LOUII lOt I 2':· L· 
UXfl I lIJtl " :'. 
LOCfIf Jutl :::::-:' .:. 
LOCfil lorl ~ j:·L 
LOC fIT TOti ~::: •• 
LOUIT Il.iU ?::t;'. 
LOCA fl 0: I ~:: ,', 
UX'!fI('~! :··z·-!· 
LOr:tH!Ot: ::'-:?'::". 
LOCATWU 24[:, 
LO(flT IOU :':.1J .• 
'-'Xii f InU .-~";.?, 
LorHI lr)~'/ :·Lr 
lfrt::f I IiJU ;;.:.:. 
UXfil W~: ~. \'.i, 
LI)C~1 no'! ;:-.l.~. 
[C~Clfl lOt! ;":'.!? 
LOUI rIOtl . -.p, 
Lfl~ti 11 iltt ;:,;1. 
uxm HIi'! .• ' .• 1. 
Lf)(li r £flU ;: .. :., •. 
LftC f!f II)t: :»" t .. 

U l(fiT HIU < •• l'l. 
LOUIHIIN :511. 
l( lUff ItJtl ~ t:, .. 
U'Cfll IOU 51~, 
LOCfffWtl S!·t, 
LGrf!TlfJ~: !:~ t·:=" 
Ln:ffC IOU ~.j.~ .. 
LOLt! dGH '::d ;'; 
1J!(nf!(I!( ~.t:.:. 
LOC ft fI (It i !~'l$" 

T;'·~;J.t .. "1 c .... , -;. .... c.,.::-...-,. .... \ .... - -'-" '--~ .... -. -~ .. "'-" 
I HI r;'fi ::,() 1·~. 99;'G .. 
IUT;.~t1 ::,[) t~ (:1(,+, 
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un;· H ::·U ~'!J ; ,e:.-;. 
I U! vii ;.f.. 1 :'. rf .. ~~_.'"~ .. 
UH··f, ~(. j·t f;~:.';, 

Iti'·d :;,[~ 1 t :~,"'::l.. 
!tf! ~;'!1 ~,~)< is. ~ .. ! i "?, 
WT~'fI 5f) 1'-;, 9::':;'. 
J ti' ;"j'! 4>.-.f". 'l 1,,; tf ... 
HH:-'H :.[. j., ';:"1-<:1 .• 
ItIC:-J1 ::.i't 15 .;.:~.~~~, 
UH j'fl .:[. l~. :::t.· '~" 
r r ii ""'F; Slt 1.:;:. 1 ~:$(f:~ 
IUy;~:ri :;(. ·l·i .':: •• ~.~: .• 
1,.t",·(f .~~f 
<6.~" • • .... 

nnl"'f :::~. 
Ir n i'J-1 ~.c. 
!t,·;Pft !:.[; 
Ir:T:',-! S:) 
1 ~ f'~ ,_.at{ ~:-! I 

1 lOr- ~! ~/.~ 

r t. f .~; ~.: I 
i"'.i~""'" =:;-.. 

.~ (,~ ...... ! 1 

1~: •. <~I::':' 1" 
:1·~l 2:::;·~::1,. 

:1.:3 (' .~::: 1, 
1- qt." 
~! • <- ..... ", ...... 

1-~, /~_.f.; ':,,, 
1 0._ ('(1,~ ... ~ .• 

.~ .. ;. ~i~"'~)"'~'" 

!~~ 3~:"::"l,* 
!:.it~'·f-' !..~. 1:, t:Gt~:fl. 
IJ4'"!"~<,t :~t'l(f~,' t';'(! ... -*·l., 
I tff Pf! !-.[. ::: :~7L--;~;, 

IUjf'f~f :). '~:."~':J;~. 
If, :i·.~!! .:-:.1 _'"t .~·.l:~ 
! ,. ~ r I ....... . ~ ""., ... :,.~' . ~;. i!;-U)".J._ 
ItH:·.ti :.,[. li", ,~9."). 

!r~ • ·'t 
it~ td·-. 

H; hi 

.... r. 

:: t~l 
:. r, 

.. ' .. ! c-:, :., .. ;7 •• 
' .. - - ... -,. . ":':',' 

".1- "·'~.!f'! __ 

lrfl~·tt :~.f: 1 - ?:::::'::". 
lrr!!.r! ,.1 • :;.":"~:' .. 
It.'~"·i,f ~;.' ,_: . .; t .. t.. 
I~.L "l ;-:;.~-.;, .. 

!,~:! .• ", ···i j i.: ::~~ ;~t:. 

! .. !' .... "'! ~ .. ". 1t,.; .:-:;'~;'.' 

U"lE!<: 5') 11. ? '. I 'jJ F-/·:t':i 1 I) 
ItH!:R st· 12, ::·'1::9, F-F~flTIO 
Hrit::R SO jf~_ ~;:':f!,<:Jo F-F"fIf IO 
nr,q;' SD !;: :?:.:}.7, F-F'nfIO 
It! fH' ':;0 :1~. t.::::·~, F -F:tiTIO 
r r , I! /.. S£"· 1 •. , :. ~ .• ::I.:':, F -F till (; 
!:~I~~=J~· 5(' 
!~·:d:r~: S:t 
"i )-. I J-~ i... .;:.-. 
A.. _"::.-' 

It~Tr/",' 5[' 
WII£.' ::;C. 
WIIR S[1 
I~~HR 5[:0 
HHEF' 5[, 
UHf R Sf) 
H~H'P Sf. 

r:,?:'.'; .. 
,:-: :?~~'::4~ 

..~" f·'::5<1L~ 

:'::, ::'·-j':91 
!;." C::;~I·l. 

1·l (1:;;:·:6, 
10. ;::.:j';9, 
:.1.1. ~:~j7, 
J1. 4r:t~:::1 
1:: ;):}:)G, 

1 ~ ~! t;= ~.(... =.5. j ... ~·t~:jJ 

IN'l P ::-Ij 14. :::;.::0, 
It. f[ f:- Sri 1;7:. ::;-':;·1':', 
nmr.- SD 12 1-1';-':;:. 
!,"·:rr:.~ ::;C' ~ ~f:t4 .. 
l' ~ if r;: s~, :! 1. ;':~ ... ':;, 
I:;'t.[·: :;l\ .10 -t~f!.1.. 
I;.iHP ::::~j 12.4J:::::=:. 
l"t-::~ .:-r·, 
'1r~ ~ E: /=. S[, 
Jr.;[ I·: S[, 
:rl!£:F: se, 
Jr:~!:f.-: 5~J 
!:'·sf'P 5'> 
lrHtr .. : ::.~t 
n~ i feR S[. 
1 t~-.!~;~ 5f~' 

;:«;'::1"; ·~·v 
I r4ll:-p :::[. 
H;!!:F: SC, 
i'!![;' $!) 
!~< ttl" 5i) 
I~;!f;f{ SD 
l' • : L :;, S(i 

1~ e~ .. L:·~~a 
12,0'':;.15 .• 
~:::. 1;!S&2, 

:?-. 751?1 
:? ~~:~~,1..f 

::·1~ 1),,-;.7:t .. 
0. ~:-~~:': :~).! 

7 .. 5'164, 
:5' 7::;::·t. 
9.9:t .?2., 
6. ~:~"'LJ3-" 
s .. :~::~~(:.r 
::j. 1.((11, 
~ .. :~;:i-:.:~" 
9. £; -'3, 
9 .. Br):'~~ 

! r.·,:: f: ::.(- '-i1. ~'~.l(. • 

F-:;'I;! 10 
F-F:"(fW 
F-"h'~! i !t) 
F-PflfW 
F-Fill Is) 
F-F'tH 10 
F-I'FIfIO 
F-RfHW 
F-FftfIO 
F-pnrro 
F-ii::rt.lO 
F-r.~nllO 
F'PlfrIO 
F-PtH IO 
F·RilT [IJ 
F-f.1HIO 
f- - \=.1', t 1 (; 
F-F'f1T iO 
F-Pt"!iIO 
F-Pfl£ ro 
F-F:nrro 
F-fflfIO 
F-RtH 10 
F-f."lII1O 
F-f.::"H 11.1 
F-Pr'll1O
F"ff!f !Cr 
F-FflllO 
F -f.'r1ll'J 
F-Pfn 10 
F-FnfIO 
F-F:tHW 
F-'FIHIO 
F-'Hil W 
. F-RfliiO 

TABLE 5.5 

Feature values for event I based on DBIJA 

O.:.s678 HGHT 60 
e. :025 I'I:~HT 54 
0. }:~~.:.s (.J(.IIT (:2 
8. ;o:t::-:,'O "!':::!!T :51' 
O. :!792 HC:! IT 61 
O. 5203 !,J(,HT 72 
O. ':~~21.~lf,IIT 54 
(1 'kfJ.'f UGHT 67 
0. ::;;'(12 l!' .. lIT 60 
tJ. 'k·hl !.!:j~ rr· 67 
O. l:L;t !·LlfT ~.7 
0. 5ij.? Ht~'::1 
O. ~ 1 ~/.:; WiliT 
I) -IE''; HI.IIT 
O. 6::':?2 W lIlT 
ft. 471? !.j, liT 
O. 4'iS,1 l¥,IlT 
0, 2-,.;;~:t 1I'.;11T 
o. 8G:4 (Jr,IIT 
0. 3~j(tl':: t·~t:i~ff 
O. :2;'-.~15 H:jHT 
ft. 4103 ~:G!IT 
O. 41:::1. lIGm 
0. :: 0515 I!C,ilT 
(I Z:'"':) fY,i IT 
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TAJ3LE 5.7 

Case Estimate.d THeoretical 
from Data . 

Inter. (DEIIA 1 DBIIB) 0.1334 0.1162 

Intra (DBIIA,DBIIB) 0.0673 0.0516 

Inter (DBI; DBlIA) 0.2780 0.2040 

Intra. (DBI , DBlIA) 0.1322 0.089 

The estimated and theoretical standard deviations for DBlIA and 

DBllB agree very closely, indicating that the level of sample v~riance' j.s 
approximately as expected. The estimated and theoretical statistics 
bet''leen DBI and DBlIA disagree by approximately 40 percent, indico.tinr, that 

either the speaker populations had different characteristics or, more 

likely, the spoken material ,.,as sufficiently dif'fe'Y'ent. bpt,.,een the tW) do.t:.1 

D~~~~ as to introduce greater feature variability. This latter hypothesis 

seems more pla.usible for the follo'ldng two t'easons. l!'irs t, the procedure 

for specifying phonetic context for Data. BCtse II did not require hub posi

ti ons to be in the sa:ne position 1)efore nnd after the event of interes t, as 

did Data Base I. Second, there 'I.rere fewer tokens in Data Base II from which 

to estimate the speaker stnndard deviations. 

Introduction of Text Dependency into F-Ratio 

All underlying consideration of the FRl F-ratio feature evaluation 

is that the procedure used is context free; i.e., it does not consider 

phonetiC contextual influences on the event of interest when estimatins the 

statistics for features of that event. Obviously, context plays a sicrnifi-

cant role in determining the position of formants and source of excitaticn. 

It is hypothesized that the FRl F-ratio might display greater variation 

u~tween data bases having varying rlegrees of cont,t;x.tual variations . 



The availability of a second data base has made it Possible to ~ate 
• the effectiveness of li'Rl as axi cyaluo.tion tool. A second 1!'-~atio, me, ha.s 

thus be-ell introduced to compnl'e idth FlU. ~'1he neH' F~l'atio utilizes the text 

dependency constraint; i.e., it requi~es that statistics be computed ba.sed on 
identical phonotic c~ntexts and Positions w'ithin the utterances. FH2 will be 
def:lncrl with tho aid of lilieure 5.7 as folJ.o~.n:l: 

FCTS is tho feature value where 

C = spoal~er number 

!t' == tl'iad nUlllber, and 

S :: token 0'£ the t:riad, in this case S = 1 Or 2 

Xn Figure 5. 7) the follo"Ting definitions apply: 

dCT = int~a~triad, intra~class dista.nce 

UN M m = intra-triad, inter~class (between C
1 

and Co) distance. \~~. ~ 

N<Y.r!L Distances are lneasu,:,ed on a one-dimensional baSis and are, 

the2'efo!'e, the magnitude of the diffe:t'ence in feature values. 

The li'-l:'atio, FR2, is thus defined as 

which may .be computed as follows: 

FR2 (tC1X~ -\~) 
2 
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Fins"' SASIS Features 

Appendix ~ lists the features, F-ratios (FR2), bJrte location, 

and feature weights on a per phonetic event basis. The top 30 features 

for each event are the final SASIS features. 
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The numerato~ and denominator of this expression a~e estimates of 

interclass and j.ntraclass variances averaged across triads and speakers. 

An experiment was conducted to determine the effectiveness of FRI 
; 

and FR2 in selecting feature sets for the different phonetic events. The 

purpose of this experiment was to determine the value of the }'-ratios in 

selecting a feature set a~d the ability of t~e F-ratios to derive a feature 

set on one data base and perform vlell on a different data base. 

Tables 5.8 and 5.9 summarize the results of the experimen.ts carried 

out. Three separate feature sets 'ofere compared on a SOC curve basis usinG 

DBI (Table 5.8) and DBIIA (Table 5.9). The three feature sets arc defined as 

fol101ofS: 

CASE 1 - Features derived from DBI usin~ FBI, 

CASE 2 - :H'eatures derived from DBILA. using FRl, and 

CASE 3 - Features derived from DBIIA using FR2. 

Comparison '-las carried out by ranking the performance of each feature set 

(case) for each phonetic event sepnra'bely. Ranking was subj ecti vely based 

on SOC curves. Table 5.8 indicates events /'rJ/' /a/, and /0./ are lllissing~ and 

Tacle 5.9 has event /'rJ/ missing due -bo technical problems in the experiment. 

Though ad-hoc, this expe~iinent provides insight into the average 

ranking of the feature sets across tyro different data bases. Note that CASE 1, 

whose features were designed on DBI, performed best on DBI but poorly on DBlIA. 

Like,.,rise, CASE 2 performed well on DBlIA, but poorly on DBI. CASE 3 seemed to 

perform consistently i'Tell on both '::'o.ta 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 DBlIA. 
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TABLE 5.8 Relative feature ranking based on SOC curves 
for DBI and three feature sets 

Event No. Case 1 Case 2 Case 3 --
20 m 1 3 2 21 n Ii 2 2 23 i 2 2 1 24 I 3 2 1 25 ~ 1 2 .3 28 ;) 1 1 1 29 V 3 1 2 30 u 1 3 2 31 1\' 2 

32 3' 1 2 
2 1 1 33 a 1 3 2 

Avg. rank 1.64 1.91 1.72 

"'" - - -

TABLE 5.9 Relative feature ranking based on SOC curves 
for DBJ.lA and three feature sets 

Event No. Case 1 Case 2 -- Case 3 

20 m 3 2 21 1 n 1 2 23 i 1 
2 1 24 I 1 
3 2 25 E: 2 1 

, 26 1 2 a 3 2 27 a 2 
1 

28 1 1 ;) 3 1 29 U 2 
3 1 30 2 u 3 2 31 1\ 3 

.. 1 
32 :t 1 2 

3 2 33 1 a 2 3 1 

Avg. rank 2.54 1.62 1.30 

. 5.51 
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STATISTICAL .ANALYSIS OF FEATUP.E DATA 

5.3.1 Feature Data Normalization 

The features discussed above represent different physical quantities. 

Before being used in subsequent processing they are normalized b,Y the fo11mving 

procedure. ~he mean and standard deviation of each feature over all training 
64 (-) da:ta is computed. The new feature values are then [ a· f-f ] -I- 127 

where crf in the standard deviation of featUre f of meat 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 0 and 256 values are set at 26 

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. 

Correlation Coefficients: Interutterance and Intertriaclo.l 

Here ''1e present empirically determined '3stimates of intcr

utterance and inter-triad correlation coefficients. As usual ''1e intl'oduce 

the state vector 'I'7hose compbrients are Xsetnf for spealcer s, phonetic event 

e, triad t, sample n, and feature f. The intcrutterancG correlation co

efficient Yt and the inter-triad correlation coefficient Ytt l are defined by 

the equations 

(1) cr;tf = Var(xsetnf) = E(6Xsetnf)2 

(2 ) 

( ) -1-1 
3 Y t'G' = cr etf cr et I f E6Xsetlf 6xset ' 1f' trt', 

where 

(4) 6 ( .) = (.) - E ( .) • 
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Consistency of the Feature No~ization Over TrainL~ & Testing Portions of Data Base II 
.10/25/74 1.:1.:44:50 DIFFEREN 

EVEUT NO. 20 

~-
.10,125/74 

75-SPr~F~ 
FIVGS 

.107.913 
1.:?6.:1.43 
:135.816 
116. 6"':3 
126.281 
:1..29.75'7 
1:'6. 9-~4 
1!.:u.258 
144.81.1 
1.23.494 
1(t2 ~~j6 
1137. :lj9 
119. i39 
174. 619 
1:=:2.619 
:1.24.355 
92.547 

1'::;9 ]12 
177.555 
:1.0,). (/10 

98. 281 
.:133. en 

73.412 
:1."11.:1.53 
1..::1.. 71:1. 
1.75.:398 

9J. -120 
64. 509 
9~~. :359 

152. 61:1. 
;;:;9.215 

154.519 
62.550 
85. ;:.26 

158.465 
57. Oe~] 
36 .. 120 
14.941 
17. (f:?~ 
24. e93 
26. :1.82 
3:2 .. 4:5 
JA.99? 
2:). 627 
24.6;;;0 
2::!:.S:;;3 
23.962 
24 .. e2,:: 

1i8/SPKR 
AVGS 

103. 217 
. 126.295 

:l37~3:88 
::i9.254 
125.e31 
:1.29. 61e 
:1.:s. 214 
:1A9.272 
14:1.. 250 
i~::Lf. 224 
1(e. 4;'8 
:10'5. :57 
1~;1.. 341 
114. '::(2 
181.431 
1"='< CcCt< _l;.._ •• _0 __ ..,. 

91. !::~88 
129.157 
:1.77.447 
103. 460 

97. 790 
iS3.995 

72. 612 
169.560 
132. :1.74 
:1.74. 734 

92. 098 
62.226 
93.533 

151.129 
.-..-. 7':ac
:J~ • • _,.J 

154.431 
64.140 
86. 195 

164.448 
57. eno 
32.. 419 
1:1..484 
:1.3.636 
2i.336 
22. 931 
29. 172 
:.::. ]:19 
~;9_ 9J.O 
2~5. t::3s 
23.B34 
23. 614 
24.228 

DIFF 

0.3 
13.1 
:1..6 
2.6 
1. 3 
0.1 
1.3 
1. (I 
3.6 
0. 7 
:1..0 
2.0 
2. 2 
0.3 
i .., . "-

6. -4 
1.0 
£1.2 
0. i 
3.5 
[1.5 
i.e 
1.1. :3 
i. 6 
0. 5 
1 'J 
., ? 
..... ..> 

2.3 
2. 7 
:1.. 5 
.$. 1:.-
0.:1. 
1.6 
0.4 
6. 13 
0.0 
3. 7 
3.5 
3.4 
3.15 
3.3 
3.3 
1. 7 
l1. 3: 
O. 9 
8" :3 
€I. 3 
~j. 2 

:::'6 .. 7:1.9 26. :"24 0 .. 5 
:.J. :;-~:~6 ,0- ~ ",~ ,,1!J.·~ ~;;'7~~~.~._ 0.!_ ~ 

11:44:50 

36.662 
4'5 .. 27'6 
59.92i 
651.266 
77.721 
77.302 
74.225 
c.tt. 752 
49.7:3:1 
36. 2~~ 
30. 041 
24. f:77 
22. 2?;(1 
17. 737' 
4tt.394 
7:::.179 
52. 568 
2:3. ?68 
64. 509 
~!3. [()5 
63. 606 
6~'::. t5J:4 
61. 923 
19. 437 
7]. 026 
73.3S'6 
67. s84 
44. ];J7 
76. 726 
2::;.164 
64.414 
7<:.5?1 
73 .. 217 
73:.368 
79. 074 
31. 455 
25.315 
68. 8~J3 
6!J.754 
7.!..115 
24. 471 
76.0;;::4 
4·i ?-:'7' _. _'"1-:;,. 

~5. 3~iJ.3 
86. 91Z 

107. 7~~:5 
5:::= 5::':8 

15;).5:2 
1.:'). ::?} 

8'! :;''j 
65.0(1(t 

20::. 
2ft:' 
2j.:~:::. 

21~ 
~#?''''! . 

::r72 
1)74 
512 
:.::: .. 1-
.t"-4·' . ' , 

DIFFEREN 

37. 438 
47.112 
59. 710 
66.441 
73.9,:'0 
73. 298 
7:1.1:;:4 
59. 412 
47. 662 
32. ~:59 
26.019 
21. 703 
2ft 36(1 
:1.6. 503 
40. 633 
74. 8~::3 
50. 739 
2::::.759 
62. 2~~6 
25. ~~~2 
61. :!;;:4 
64.2:;:8 
59.064 
:15.990 
70. 378 
71.i67 
64. 172 
41.:1.67 
73. 4~5 
22.959 
61. ~:4:3 
67. 8::-1 
70~ 8::::; 
70.9:3.4 
76.i62 
2:=:.2SD 
21. 776 
65. 700 
59. 029 
67. ~:;97 
2:1.4:'::4 
7::5~~ 526 
3'8_ 650 

1!~7. 13:5 
::U.243 

1:1('. :::50 
57.2::8 

151. 0;::::4 
1.29. ;'52 

:::: :;.1.7 
t:~. i)~~~lj 

2(!"':'. f:~b 
2(:7. 872 
211. 219 
2'1~~" .. 2:::3 
;? <? ·~',12 

e. 8 
13. :3 
'" 'J "'.~ 
2. 9 
3.8 
4.0 
~. 0 
:1.~ 
2.1 
3.4 
4. I] 
E -::> 
~ ..... 
:1..9 
l' .:> 

13.2 
3.3 
1.9 
(j.4 

2.3 
~ F. -:. -
2.3 
2. 4 
2.9 
3. 4 
2. 6 ., .-, 
.:.... t:.. 
E .., _ .... .:.. 

3. 1 
3.3 
?: ~, 

-:". t:.. 

3. 2 
., '? 
tC... I 

2.4 
2. 4 
2. 9 
3.2 
3. '5 
2 .. 3 
1. 7 
3.2 
3. 0 
2.6 
2 .. 7 

11.:3 
5. 7 
2. 6 
]. 6 
0.5 
0.6 
.. -=< .... "-
O. (I ......... 
~. ":;, 

2, :3 
2. 7 
~. C" 
"'-. oJ 

1. :1 

FEAL-TIME r'lONITOR 3.1 

r. 
DIFF 

0.3 
0.:1 
:1..2 
2 .. 2 
:1..0 
0.1 
0.9 
[1.7 
.., C" 
.:.. .. _' 
0. 6 
0. 9 
:1. .j ..... 
1 ,=. 

~ .. _" 

0.:1 
0. 7 
0. :$ 
:1.. (1 
0.1 
O. :1. 
3.4 
0.5 
13. 7 
1.:1 
O. 9 
0.4 
O. 7 
:1. 4 
3. r5 
r.l q 
<...~ 

1.0 
3.9 
0.1 
-:0 C" 
.:.. •. J 

13. 4 
? ? -. , 
0.121 

113. 8 
26 .. 2 
22. 2 
1~. 4 
B.2 
18. 6 

'i. 9 
1. >3 
3.6 
1 .;, 

• <-

:1.5 
0. !=! 

1.9 
:1.. Q 

--

75-SPKR 
STI) DEV 

:1.6,155 
15.:1.45 
:1.9. 2f::4 
16.::=09 
1:1. 909 
10.:1.14 
12.6::A 
:1:3. 54:3 
2~1 .. 455 
22.26? 
2J. 1:?:3 
22. 071 
13:.5i9 
23. 61:1. 
25.403 

9. 68B 
29. 257 
16. 796 
25.659 
24. 907 
.-,- ..--~~ 
.::1:: •• /::.( " 

10.259 
26. 062 
27.6[17 
.").~. .,,~ .. :
c...:.... "'t~o 

25_ 811 
25. 6!;>9 
25. ~323 
2:1.ge6 
23.246 
21~5:6 

:1:10. :34:3 
:1.1.. 720 

2, 50!3 
35.e84 

e. eOD 
21. 345 
16.5157 
:l:?. 5~:2 
21 . .qe!j 
22.1;;:3 
23.8t:5 
'-J''=' i-? 
,;;.. . .J. "rt,-" 

24. 1715 
21. ;'::96 
21. 055 
28. :;:29 
2Ct eE:6 
;~l ::~1:3 

-~··.22i $123 

REAL--TH1E NONITOR 3.1 

2.1 
:L :3 
0.4 
4. :? 
5.0 
5.3 
4. 2 
2.2 
4 'Jo 

9 .. 8 
:14. 3 
:1.3. 6 

3.:3 
7.2 
0. 6 
4.4 
s.6 
1. 4 
3. 6 

1·, C-c-. J_' 

3" 7 
'"'? ? 
~. , 
4. 7 

19.5 
3. 7 
3". 1 
4.9 
7. 3 
4.4 

13. 0 
5 .. (\ 
4. ,3 
3. 3 
:> 4-->. • 

:? .. 8 
10. 6 
:15.0 
3.5 
2.9 
4 ;:: 

• ·oJ 

1Z. (1 

3. 4 
c c· u ..... 

11.6 
6. 7 
2. 4 
6.6 
U. 3 
U. 5 
2_~ 
O. 0 
:1.. ..; 
i. 4 
1..3: 
i. 1-
13. e 

23. 669 
25. 406 
27. 78:1 
2::::.844 
29. 564 
3]).359 
31. 689 
3:2.020 
3(1.0::;:9 
::::1::*.315 
24.115 
22.:163 
21.:1.9} 
D. 7"37 
23 .. t:E:€! 
27a63~ 
29. 477 
22. 285 
25.023 
20.592 
24.5:0 
26.291 
29. 238 
17. :=:2-1 
26. 3~5 
25. 8iB 
2:3. 0(11 
21.214 
28.427 
2~. 387 
2:3. 51~J 
27. 6Z5 
25. ::::;)2 
2(;. (127 
27.954 
24.3:92 
1.9. 699 
24. t?22 
25. 511 
2:3. ~:::::~ 
2:1.95:5 
26. ~.t:9 
27. 228 
4·", .::.:''? _ .... ...:_--
49. 711 
J:"'t= ~-.~.-. 
._~ ._~. o!:. •. _l.:. 
31. 4:1 
19. 4(,2 
59. :~~90 
Ie 033 

u. e::i!j 
B. 715 
E.6·a 
13. c:'::::::=: 
1:}. ],,:1 
i:!~. ~!5;) 

118-SPKR 
STD DEV 

1.5. 490 
13. 723 
18. 677 
1.7. 769 
i}:.552 
10.3:13 
:1:1.9:1.:3 
1=?. 100 
:1.9. 1..19 
24:f4S 
23.00:3 
20. 970 
12.128 
2:5.626 
24. 89:] 
9.540 

26~ 417 
i8.3SJ3 
27. 798 
24. 1397 
22.917 
ii. f,55 
23. 611 
26.0:::0 
23. 980 
26. 693 
22. 745 
23 .. 2:33 
:1.9~ 656 
25. [101 
2~3. 247 

:1.1:1.. 23:8 
11:.0.1.2 

2.231 
:W.607 

O. 000 
i9.927 
:1.4.98:3 
:17. H2 
~tr.i20 
20. 605 
22. ;::'14 
2:;: 041 
24. :.:;:1 
22~621 
2i. 025 
2~~1. ~,:::9 

20.469 
20. :~:~.55 
21 g.ti~ 

2~. 791 
26.581 
28~4S1 
29.1132 
27.936 
27.1;:67 
29.336 
29. 75'5 
28. 8~:9 
25.19:1 
22. 896 
21.5:::1 
21.596 

~~:~~i 
26. 112 
.-.-;:. -;. -.. -. 
.:::...t • ..::.~f;:' 

22 204-
23. 2:::3 
1"3.17'2 
23:. E1I31 
25. 7.:::t 
26.996 
16. 446 
24. 021 
24. 045 
25. 191 
2[1. 296 
27. 440 
22. 162 
25 .. 569 
26 .. 779 
2::!:.827 
2?-. ::~04 
25.e69 
23.::05 
18. :153.· 
23.1'52 
26. :1((;:, 
25. 621. 
21.6:;:4 
24. 797 
26. (173 
53. 012 
47.:185 
54.63:7 
29.226 
20.9:32 
56. 95:3 
'2i.. 5!~:·5 

0. 0(~O 
13. 094 
13.0::1 
12. H05 
1;;;:.451 
12: 025 

PAGE 

[)IFF 

O. 7 
1.4 
0.6 
1. f.i 
1.6 
0.2 
0. 7 
0.4 
1.1 
1. 7 
0.1 
:1..:1. 
1.5 
0.0-
0. 5 
13.1 -. " ':::;.0 

:1.6 
2.1 
6. :3 
3 .. 8 
1.6 
2.5 
:1.6 
:1. 6 
0.9 
2. 9 
1. 7 
2.2 
1 ,-, · ,~ 
:1 3 
0.4 
1 -::: · -
0.3 
<1.5 
£1.0 
1.4 
2.0 
:1.4 
1.3 
1.6 
:1. I) 

0.4 
0. 2 
0. 7 
0.13 
6.3 
ff. 4 
1.0 
1t.' JA 

PAGE 

0. 1 
.; 'Jo .... -
0. 7 
13.3 
1.6 
-, t::" 
~. __ I 

2.4 
2.2 
1.3 
1.:1 
1. 2 
0.6 
0.4 
0.4 
13. 5 
:1.5 
2.1 
0.1 
1. 7 . a. 1 .• 
i.5 
O. 6 
2. 3 
1.4 
2.3 
1 .. :3 
2. :3 
13.9 
1. 0 
0. 2 
2. :3 
0.3 
2.0 
2.1 
2.9 
:1. :1. 
:1.5 

'-1.7 
0. 6 
2.9 
0 .. 3 
:1.8 
1.2 
s.:1. 
2 .. 5 
:1 

~, 

· ~ 
~, '") 
'-. .:.. 
1.5 
.,... q 
~. ~ 

~t 0 
0. 0 
O. 6 
0. 6 
O. 7 
0.9 
1. 4 

4 

5 

;:-: 
DIFF 

4.2 
9.9 
3.2 
5.6 

:1-::> q 

2.0 
5.:3 
2.4 
5 .. 6 
7.2. 
0. 6 
5. 1 

.11. 4 
0.1 
2. 0 
1.5 

1f1. 2 
9.1 
8. 13 
'< ? 
~.~ 

:15.2 
i4.o4 
9.9 
5. 9 
6. 7 
3. 4 

:12.0 
-;a ·i 
I. a:... 

:!.ft. :3 
~ ? 
f • ..> 

6. 2 
0.4 

:1.~1. 4 
11.4 
13. 6 

0. 8 
6.9 

12.3 
~ ,..., 
(.0 
,:- ., 
,-t . .:.. 

7.4 
4. 4 
1. 7 
0.9 
3.3-
0.2 
1.4 
2.0 
';'.5 

0 .. 5 
4.5 
2.5 
0. 9 
t::" '7 
..J •• 

8.5 
7. 7 
?- ·i I_-=-
.:1. ? 

" ..> 

4. 4 
5. 2 
2. 7 
1.9 
-~. 0 
2.1 
C" '7 
,,_I. I 

7.6 
O. 4 
7 .") 
1.0:-

7. 1 
6.4 
2.2 
:3. :1 
8.0 
9 .. 2 
7.1 

10.6 
4.4 
3.5 
1.0 

10. 9 
:'.i 
8.0 
8.5 

:10.9 
4.6 
8.2 
6 .. 5 
'J ? 
- • ..> 

10.6 
:1 -::> 
6.9 
4.3 
6.13 
t::" .., 
..J.",,-

2.2 
7.3 
7.5 
5.0 

1~.3 
0. 0 
4.6 
4.6 
5.6 
7.0 

11.2 
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V1 

V1 
0'\ 

V1 

V1 
~ 

•• 
1.3/25/74 :1.1.:44:5@ 

240.12'5 
247. ~·5S 
2:6. 5:!2 
22:~641 
214. ("-19 
2,:-7 ~ .. :.~~~ 
2«~ .. :.86 
2C':. 2';3 
2;)::~. :?;.:~.1 

~(~ 1. 5:.~!) 
"-",'1,... r.-.~ .c;. ..... .:... c,_·_ 
2e3. 5'~'2 
20:'" 7~:3 
- .• -.#-, ,,-.(:~ .. 

.:.. ... _. - "';'"_',i. 

:1.::"'''::' !;)('(i 
1.9:. 45f: 
:1~:~. 92::; 
1",,', ~·.-;:·A 

' .. '''_. f ... ~..:..~ 

j];~: 634 
~7'5. :1~J4 
~.72. 494 
:1.'?:). 274 
16::::.425 
i''::~. 818 
16~5. 46'? 
160-;" ::::;,; 
1£;.:.660 
1.:~? 231: 
16~:. 292 
:!'6~:. 887 
165. (1f';4 
16t-:.9:::6 
1.69. 5]1 
173.e:::4 
177. 414 
':'..;:'2 .. 419 
:iBi~ 6~55 
1~:;:.~15 
:t~r). 698 
197. :31.3 
197. (131 
""'='d. -:;-1-:1 ..J.._" I. _-..;;...1 

19!3.27:1 
:18';:" 194 
179. 2i:l 
17:.1... 5~j5 
163. 197 
~)'i:;;. 151 
1.47. 849 
A .... "'1 ,:.~.~ 
_ ~ -. • ..... _~J 

:1~.':'. 419 
:1.:'(1. 3:-:?2 
126. O~C 
~2;~. :63 
:11·~'. :::'::4 
:1:1 to:. :.:_:<.; 

.,. 
1.13/25/74 1:1:44:50 

:1:15.:179 
113. 875 

EVENT NO. 2:1 

75-SfKR 
11\/:35 

1£17. 259 
129. 546 
132,,655 
129. lHJ!j 
:1~26. 666 
12·'::. :::3f1 
:!.:::4~ 565 
147.4::f:7 
1.::.7.426 
131.. :;::33 
i0·~. 2:3~? 

97. 674 
120.2:'::4-
:177. 1€-2 
1::C.4(:5 
119. 1~:'9 
5'~. 8?5 

:Cf1.3".113 
:t7b. :!JJ6 
~;1 .. 9:::tS 
5'1. 73:3: 

l.~:r .. :148 
6:: .... 671 

1-;<; 251 
:1.20 . .::ilB 
:171. t'::f;::9 

SO. 747 
6~.284 
to? ?}j$ 

• :14:. :171 
:::·7 .. 409 

:1.:S~~:. '1 CO 
I;.::. 5'~j;;; 
~:'.;. 615 

167 ['5':-
5; [1;:"~) 

::::. :;':::4 
12.0·:'"," 
1~ .. t: .. ~:: 
15. 5':::: 
:l~. j =Y.? 
!? 4,":9 
:19. ::':·1·: 
:~;'! :!It 

nIFfEREN 

241..222 
249.41.6 
2:::;\ 1.~~6 
~:;-;:6. 516 
:1t;;. 914 
21~:. 2:~1. 
2('!';~ 14:3 
~;~!:: 9~"':3 
;;:;:C ':19 
2C~';. 260 
2((). 42:3 
2;.}S.61.9 
2-3? 1~6 
2.:~6. 514 
2~.3, 7~)5 

:199.2:;;'1 
:194.271 
1~39. 5~:6 
1;35. ~·24 
:1.:::1. 740 
:1.7::::~6S8 
176. 197 
1.74.:141 
17c~. '1-86 
:17:1. 184 
:17;3. 2;}9 
1£9. ~,:::3 
:169. 219 
169. :?:31 
:176.13'1'5 
:1(:1. :,;7 
if]:. ::.~.-5 
1 ~~6. (1:~"4 
179.516 
:1:::3. 61.0 
:1:::~. 3:1? 
:192. 87:1.. 
:196. 767 
E-::i. ~347 
19S!. :"88 
:19:3. ';00 
t96. :::93: 
1::'4.5::?3 
:1:::0.245 
1:::4. 3~:6 
:176. 598 
:167. ;::;::::: 
:t:'~9. 174 
151.. ??4 
:1·1·1. 4:::n) 
1:i:~:. 5,m 
1.:~3. 419 
1;='9. CC:j 
:1 :=:::::. -; ... ::: 
:l.:~:';:. :;:}i 
:1 :, ~.j. l1J 4 

DlffEREN 

1:l.8. 224 
116. 991 

:1i8/SfKR 
A'·/GS 

109.:128 
129.548 
131. 699 
130. 053 
:t;:~e. t.5~39 
:12:3. 05'4 
1:5. 7:19 
:1~1·7. 672 
:143. 5~:9 
13:5. ::::05 
:185.6?4 

96. 783 
1:l.9.6IJs 
17·1'.051 
:1::.:1. 714 
1:l.:?. 224 

92. ee9 
129 .. 5:1.0 
173.4:,8 

9Z.925 
3::;c 5:)1 

:1;;-:9.4?3 
6?::::H 

176 . .::::'<",1 
1:1:=1, :=:21 
169. 211 

8:3. (117 
5;~$ :=-:63 
87 .. ~i4 

1'!":. :1.19 
5:'r~, 3:54 

:1C:~::; ::14-
E-:~3. 4b2 
::~7. f~11 

1.7.J2. 17~9 
~? e~~H) 
~'t3~ :"": ::9 

;:;. !)~'2' 

8. 217 
12. :';:2 
:W 765 
12.2:::4 
'!5 .~r;::: 
ti' e~~·t;: 

1.:1. 
2.~ .., -c.. ( 

2.9 
2.9 
2_B 
2.:3 
2. 7 
2. 7 
2. 7 
2.6 
2. 7 
3. 4 
" -. 'T • .:. 

5. 1 .,. .... 
.. _'. 'J 

J:: •• ..:;. 

6. 7 
c -, --'. ( 

6.5 
6.2 
5.9 
5. 7 
c; ..., 
"_ •• 1 .,. ~ 
• ..!. ( 

5.8 
5.9 
6. 0 
6.:1 
6.2 
c: -, 'J. _ 

6. 4 
6.5 
6. -1 
6. 2 
5. 9 
5. 2 
4.8 
3.3 
1. 6 
:1. 4 
2. 6 
4. 3 
5.1 
5. :1 
5. (1 
4 . .; 
4. ft 
3.5 
~ .j --. -
3. 1 
3.1 
3. 0 
3. 13 
:':::.0 
:. 0 

3. 0 
3. 1 

('IFF 

1. :3 
fl. 0 
1. 0 
:1..:1 
2.0 
13. 7 
:1.. 2 
O. 2 
3. 9 
1.4 
3.4 
0.9 
O. 7 
3. 1 
1. :3 
O. 9 
2.8 
8.:3 
2. 6 
1. 9 
~.:;: 

O. 3 
2. 4 
:1.9 
e. 6 
2. 5 
2. 7 
2.4 
0. 4 
3.1 
2.9 
1 ? 

:1. q . ~ 
0. 4 
5. :1 
tJ I) 
5, :: 
4. :J 
3. 4 
2".2 
3. 4-
!j ·1 

4. -1 
c· 
..! 

e 
?Ef-iL-nr.E t-~ONIT(R 3.1. 

0. 5 
~1 S 
:1. :1 
1..:-
1. :; 
i. 3 
:L Z 
:1 -;:. 
:1.? 
A ~ 
,.1. • .;.. 

~L 3: 
:1 .. 3 
1. 6 
2. 1 
2. 6 
~. C! 
.::... -' 
:;. 3: 
3.6 
3. 7 
? .., 
.:-. { 
-, .,. 
J."" 
3.4 
<: -,. 
-.~ 
-; "':i
j. ~. 

]:.4 
..., e
~. '-' F .,. 
~. --I 

3.6 
3. 7 
3. 7 
? .., -. { 
? c· 
..;;. "_. 
s.8 
.., --> .. Ij 

3.4 
-; .-:, 
"';-. .:. 
2. 7 
2.4 
:1. 7 
0.;3 
0.7 
1. 3 
2.2 
.l"'"J -, 
('" ... i .-, .::-
.:... 1_' 

2.9 
2. :3 
2. 6 
2. 3: 
2.3 
2.3 
2. :s 
2. .J 
2.4 
2. 5 
2. 6 

It 

:1.3.:853 
!2.2~2 
:15.5;:2 
:l~. ~~~;J 
1:::. ;:.;:: 
:1.::: :- :":; 
:19.2:::4 
19 .. :::5G 
;2;.:~. S:~:: 

2~. t::;4 
2:::. 7::S 
22. fC:j 
24. :.:09 
25. 2::~9 
25. ::;:'5 
~5. 521 
:24. 5:22 
23 .. ::194 
22. 51(1:~ 
22. ~I:~i:; 
.-,.-. ~::-c 
.::..::.. ~ __ I . ..} 

22.452 
22. 422 
22. ~·=~3 

~~:I~~ 
22. 206 
22.259 
22.3'45 
22. 5}9 
22. ::::.1A 
22. l~!S 
2::. ·=:52 
24. sa 
25.5G6 
26. 78? 
2:3.1.54 
2::::. :::1:L 
25.1 .. :::79 
3:1. 499 
3:1..825 
s~.64:3 
?i. 42~J 
31. !,,:t15 
31. 973 
2f1.955 
2:;'. 250 
27. 4~:3 
26. :1.:1.2 
25. 2~~7 
24. ~i .. 12 
24. Ct'~!2 
.,? .. :.-.-~ 
;;"N"' ••• .:.:.. 

23. ?2} 
2":;.671 

" .-~ 

.:~:' ... t.,:.t.l~ 

REAL-TINE, MONITOR 3.1 

2.6 
2. 7 

OJ 
;. 

DIFf 

1 '? .. 
13.0 
O. 7 
O. f: 
:1. 6 
0. 6 
o Ct .. I • ..J 

0. 2 
.} 7-
"-.. 
1. :1 
3.3 
U.,. C! . ~ 
0.5 
1. :=: 
1. ~j 
0.8 
2.1 
u . .;; 
1. 5 
2.1 
? e 
~ ..... 
0. 3 
3. 4 
1. fl 
O. 5 
1.. 4 
3.:1 
4.0 
0.4 
."') .-... 
1:-.. .:.., 

3.3 ... :. 
tJ •• _" 

2 -=:; 
• 'J 

0.4 
3. 0 
O. 0 

1:;:: ~ 
3:.~, 7' 
34.5 
22. 9 
2'?~ 4 
Z4.£. 
;:":. :;t 
:18 6 

23. 707 
23. 723 

75-5fK:R 
ST[) [)EV 

17. 172 
11. 31:3 
:l.4. 609 
1.6. 561 
1:5. ~:B 
1;;:·. £156 
1 1 f~''''' _. J ~.J 

17. ,;:::q 
19.491 
21. :::59 
25.274 
20.91:7 
1.[1.925 
24. 5~:;i 
24. :::9..,' 
i1. 1;~:3 
28. 5~2 
16. 7'95 
27.7:""'5 
2.!. 5~59 
24. £;79 

:=:. ]":;·9 
24.226 
26. 892 
22. 739 
26. 434 
2i:.6:=:7 
23:. "194 
21. 259 
25. 973: 
Pl. 4:1.1 

:1.0:::. ;;'::<5 
i2. 779 

r, ..... -.-.. 
~~ .:.t,..j 

~p; ~e5 
0. ~:!C·:t 

;;:::;: :::':--1 
i7.8:1 
1;=:, :;(12') 

19 £J:::1 
1.~3. 6(:3 
:;:(' -4 .~") 
2;;:. n:;:2 
:~!1" 722 

1:1.51.4 
9.163 

12. fJ38 
15. :57' 
:!.s. 6~:·S. 
:1.7. ::t3~ 
1.7. :::22 
:1::!. :::::;o..!.. 
::~I. 1.60 
19. :::::·9 
:19.9::2 
2":!.222 
21.1.1:: . 
;;:"2.795 
2::.576 
2:.,559 
2::: .. :~:!':3 
23. l-:::~7 
22. ~::14 
22. 7~6 
22.6130 
22.525 
22.563 
22. 645 
22. 745 
22.9:!.7 
2::. (177 
23.14Z 
D. 274 
23.4:::0 
2]:.659 
:24.018 
24.4:;:6 
25. (111 
25. :=:~:3 
27.e:59 
27. ee6 
2:3. 733 
29.237 
29. 2,S!Lt 
29. 004 
2;::. ~f7i 
29. 745 
3~~1.. 23:2 
1[1.86:2 
?(1.573 
28.9Si5 
27.5:::·1 
26. 444 
'-Ie r.-;."'\ 
~._I~ .:' __ #:" 

25 . .t34 
25. 112 
24. 943 
24.e93 
24. ~:rr:::~ 
25. O':/~.f 

25.154 
25. 29:3 

11e-5f1<R 
STD DE'.} 

14.:!:17 
9.044 

11. 717 
:1.5. 019 
15.5:n 
12.67:3 
12.<165 
17.199 
1:::' :::23 
23. ~:]:2 
24. E:63 
23.u96 
1.1.9::::5 
24. 567 
25. (127 
:1.2. 7'69 
25 .. 52::: 
19.4::$9 
2:3. i02 
22.69:3: 
.r-:._ .. "":!Ar,. 
'::.l. • • - ~ . .7 

9. :=:03 
21. 956 
2:=:.122 
.-,4. fr:'7 
26: 1:44 
2:1. 11i 
21. 919 
:LS.2---'f1 
27.16i 
19. 751 

:109. 4(13 
:l.4. (187 

2.:199 
36. ;:ct2 

0. 003 
1.:::. f:?:' 
12. i9:' 
12. 74~ 
:1.5. 514-
15. ]'-3:3 
:1.6 4i14 
1:::.1H 
1:,: 2(1.:; 

PAGE 

2.2 
3 . .1 ...,. --::" 
"""~ t 

2. [1 
-1 .
.... 1::> 

i. 5 
i. 5 
1.6 
:1. 7 
2.0 
.:-.. -..::. .. ,:.-
3.4 
3.:1 
2.5 
:;:1 ...,. -. ~ 
2. 0 
1. 2 
0. 6 
O. :1 
0. 2 
0.1 
O. :1 
0.1 
0.3 
0.5 
O. 7 
0.9 
0.9 
0.9 
0. 9 
0" B 
0.::: 
O. 6 
O. 4 
0. 2 
0. 3 
0.3 
D. :1 
0. 7 
r. ~. 

.::..0::. 
2.:3 
2. 7 
i. 7 
1. 3 
:1.1 
(1.4 

£1.3 
0. 1 
O. 3 
0.6 
E1.9 
1..0 
:1.:1 
~ .j 
.1.. ~ 

1.3 
1.4 

PAGE 

1.4 
1. 6 

[.'IFF 

2.9 
2. S 
2 .. 9 
1.5 
0.2: 
0.6 
0. 7 
0. 2 
n. 7 
1.5 
0. 4 
2.2 
1. 1 
0. 0 
D. :1. 
1..6 
3 .. 1-3 
2. 6 
8. 3 
0. 9 
-:.. .. ~ 
.!.. .::: 

1.5 
.:,:. ~ 
~. -> 

1. 2 
1. 3 
0.:1. 
2. 6 
1.6 
3. £I 
1 .:;. 
1. 7 
n. 4 
1.3 
0. :1. 
0.2 
0. 0 
4. :1 
E: ~ 

...J. '=' 
5.6 
4.5 
3. 4 
4.0 
'7" q -' ... 
3.5 

6 

7 

1.7.6 
2S.~ 
:1..~ ? ..... -
H.S 
9.4 
;:. ."lo 
~' .. ~ 
7.9 .... '"' .. ::-. ~ 
8.5 
97 

:13.2 
15. 7 
1::. (' 
:H13 
9.4 
3. (1 
5. (1 

2. 4 
0. 4 
O. S 
0.6 
0.3 
0.6 
i. <I: 

2.3 
3.3 
3.:3 
3.9 
4.1 
3.9 
3. 6 
3. 5 
2. 6 
1. 6 
1. 13 
i. ~3 
:1. 13 
0. 3 
2.5 
7.4 
-'4 ? ~r. _"'" 

8.8 
5.5 
4. 2 
3. 5 
1. 2 
0.9 
8.5 
1. ? 

• .j 

2~4 
~:. 5 
.:1 ") .. "-

4.6 
4 .. 8 
5.3 
5. 7 

5.9 
6. 4 

t! 
[)IFf 

1.8. 1 
"j? F 
':;';;'~.,J 

22 .. 0 
9 .. :3 
1.4 
5.0 
6.1 
:1.1 
1.5 
6. 5 
i.6 
51. :3 
C! ? 
~ • .j 

0.1 
0. 5 

13.2 
ii. £I 
14. 6 

1.:1 
3. 7 

.A -~ __ 

:1,.';'. I:) 

:1.6.1 
9. & 
4. 5 
5. 5 
£1.3 

:11.5 
6.9 

15. J 
4.5 
&. ... 1 
!:.t.4 
9. 7 
3.1 
6. 7 
0. 0 

:19.8 
37. 6 
35. 3 
25~2 
i9.8 
21.9 
is!. 5 
:17.6 

e~ 

] 

e·) 



\Jl 

\Jl 
CO 

\Jl 

'JI 
\0 

e--
.. 

1.0/25/74 :1.1.:44:50 

... e-
10/25174 

21.844 
22.:181 
2!,,5!O 
21.920 
~~?. ~.' .. ;e· 
:7:!$, e,·~: 
::;j. Si{,.~5 

::9 .. 279 
51. 3"}: 
60 7:::(1 
7~. 7';9 
7~.::18 
iB.6':;2 
£'8. (12::: 
5:::. e:;:5'
::::4.922 
24.5t";3 
19. 4:::7 
17" :~"r7 
14.5-:)2 
;:.4 .. €r:"'S 
71.6'/7 
57.5e4 
23.067 
(,2. 2B4 
25.07"8 
f. L. ::'21. 
59. f::t:;O 
66" 2~~2 
l. .. t 276 
7:1.. 61'5 
71 .. 248 
651• :1.f.)0 
Z6 .. 3(;;3 
6:::'. :::13 
20. 7(::3 
1;:.1; •• 474 
63.510 
7:1.. 351 
71.457 
7~f .. 05~3 
28. ::~:::9 
21..3213 
65 .. 799 
52.944 
71.072 
19.376 
n.047 
4;,; .. 529 
97. ~J~']: 
6? 6~5 

1:!A. 100 
52. ~i10 

155.0:50 
16'j, ,}·16 

:::'"'; 412 

1:1:44;50 

65.000 
2~J2. 501 
203.490 
2~;5 .. 702 
212. 482 
221~ 8::8 
235 .. e63 
246. ';:;94 
2::;':3.894 
225.9:;:.9 
215 .. 421 
2(!7.9~8 
20·~. £84 
:1.9:3.811 
:1.::>::. 3::4 
:1S4.774 
1.5:2'.643 
:1-92. '-112 
i"5'0~ 86:1. 
;it::;!. =='69 
!.;~~ 5. ~:::.:] 

1.~::! .. ~. 891 
::::;3. 1:;:1 
1:?'1.616 
:i~: ~~\ 0€"3 
:1.;':::. :";;4 
1?6. ~f·t(· 
1.7:5. 616 
:174. 1);'0 
:!.~2. -154 
170. 724 
1':::;:.9«J 
1';7. ~'9~) 
:1(;5. 972 
:!.~.5. 2l_;,; 

165.0;'5 
oI'!'.=1: fI::"'4~=-_ .... .:1. -_._ ..... 

:!.t::i.!70· 
1(9. ",j~1:: 
:t7~, 6) .. 0 
:1.7.3.602 
:l~~'!.. ::3'4 
i»:-:. C9~ 
1:~'::. e~.:: 
:t~:\i < ;.=:! 
~::-;~. "~!::';7 
2.-·~i'. Uli 
:;:.:.': .. :?44 
~:.;: '!. :.~ ... -j 
1;·~:~~. !::".:.:; 
:1:::":. ;;!; '2 
!:~::. 2.:~:· 
::;>-1. :1 :':3 
~.!';:-:2. t::-',;: 
:!. :.-, ~ ••. ,.:: 
," .. ' ~ " .. : ':,:: 

DIFFEREN 

18.51.6 
19. 7~)'3 
2(1.2'35 
2~t 4S9 
:';:1.. :::~ .. :? 
:;--4 :';f.!6 
::(1. m9 
:3_ 6!;:;4 
5~. t.~:ti. 
57.6:39 
67.2:::0 
71.6·1-4 
75.52:5 
57.:)79 
54.2;:5' 
35. 126 
23. 992 
17.934 
16. 595 
1.4.:::::2 
33. 137 
69.7=:::3 
55.665 
;2:0.277 
59,,:363' 
19.B1.2 
~le. ?~5 
r:. ... - c'''? ._1':1. Vl'.-J 

63.. 751 
9. 412 

69.:102 
68 .. 6~:6 
66.2:t3 
31..5'73'3 
66.077 
19.620 
63.567 
60.2'013 
63.976 
69.0/5 
75. 5~59 
2:3. 9:3:3 
1.6.055 
63:. 243 
5:3. 71.0 
70.1.75 
1.8. 013 
70. 2Q3 
41. u~t;'J 

109. 7?O 
65.01.7 

1.1:;:. :.:':'6 
5~:: .. 957 

156.5fj:3 
1.t:c:'. 2:5 

:;::, 3.'·:;1. 

DIFFEREN 

65. 0130 
205.433 
206.397 
2(19.. 480 
2:14.996 
22:;' .. 774 
::;~6~ 8'~9 

:?47.70:1. 
241.2 ... 19 
229~126 
218. 823 
2:11.143 
205. 648 
2(11~992 
lS·'.627 
1.-:-;.:"" .. 9,';2 
:1~"i 463 
19·1. 79:3 
1.~2 .. 731. 
19:].454 
1:38. 1-1-9 
1:36.147 
I f':\'' C"'''-'? ·;:. ... t ... -... ~ __ 

:1.:::3. 301 
E:2.290 
1:;":1. 4')3: 
1::';). ·;·H 
179. 3~:~J 
17:?. 2:;:1 
:177. 104 
1.?5. eez 
174. :::::47 
A -':" ~"=t"'" -'-I _. - ._.~ 

.'f-,o.1 -.--
..I.- • ..&... ;.' '..;.t,:) 

1,(!] 9;;:1 
:l 7'[1. t:~S9 
i -,..., t':t:.;oC' f _ ... _ •... _, 

172.299 
1~4. 4·~:!. 
:1.77 5:)5 
:!.:::1~ 6::~ 
1:::6.4:::-:0 
1:::~1. 6::,~~ 

1·~·6, 51 .. 4 
2t·'-). :;:22 
~J)~ .. ;€'j 
2(1::. 2~~:2 

2·:~:". 4:4~ 
::".:. "'=:,3 
::)~; ~.~ ~) 
1';';-' .! , •. :. 

1·~·~ :·"3 
i~~ ~:~ it~l 
1.:~~ j:~<9 
!ic:;~ :1~,e 

:1$~.:-1 4'_~;J 

3.3 
2.5 
i.3 
:1..5 
2. I!} 

1. 5 
O. 9 
0.6 
0. 7 
3.1. 
4.5 
4. 7 
:::;:. 1. 
0:9 
0.3 
0.2 
0. 6 
1. 6 
1.3 
0.6 
~3. ::1 
3.9 
0.8 
? .j 
--.. '..l 

2.4 
5. 3 
2.5 
3.1 
2.5 
4.9 
" '" c.. .... 1 

? ~ 
~.I;) 

2.9 
4.:3 
3. 7 
:1..1. 
2.9 
3.3 
2.4 
2.4 
3.:1. 
0. !!J 
5 .. 3 
2.6 
2.2 
2 .. 9 
:1. 4 
.... r. ,::.o;J 

0.05 
11.8 
2.6 
4.3 
6. 4 
:1. 5 
4.8 
0.:1. 

0.0 
2.9 
2.9 
2.8 
2.5 
:L9 
1.@ 
1..9 
2 .. 4 
., ? 
~ .. "-

3.4 
-;- ? 
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:1.7,3. B13 
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1.16. 4:34 
:lH.:182 
:t:!.~" 421 
1-e=3 .. "22;3 
10S. 51.9 
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EVEIH NO. 28 

.ne 
:10/25/74 

75-SPKR 
flVJ3S 

1.59.139 
121.. 326 

:11:44:513 
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113.949 
1?i. 09-~ 
1::2.6G:? 
1.:::? 9:)8 
1:::0. 9?3 
120. 6;~:;: 
115.13:::4 
110. f~ji 
1:1..8,5-t5 
1.':::1.. S:C'O 
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:1.24 .. 7:36 
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127 .. 7.:ti: 
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:11:. . .:j43 
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1.1.':). ?~? 
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1·~.:t 6:'~3: 
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:1';:6. 2t~6 
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:1.:1.7. 789 
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AVOS 
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DIFFEREN 
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:1.:':7. 5~:r8 
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DIFF 

1.1 
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2.8 
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1. 7 
O. 7 
1.5 
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1..4 
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O. Z 
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0.1 
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fl. 6 
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1.5 
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1 .:) . ~ 
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e 
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1.4 
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8.6 
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0.9 
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:1.3 
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0\ ::' 
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20 
':';'-' 
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16. :1::~;' 
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16.2:::6 
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15_87~ 
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21. J.::~2 
21. 617 
21. (63 
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21.. 0'-t5 
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19. i79 
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75-SPKR 
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1:~: 279 
:1.8. 424 
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20. :5::9 
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13.2::9 
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:1.4. 699 
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16. ,;::'::'(1 
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17.545 
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:19.4::::6 
20.C:17 
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21. 462 
22. 219 
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23. 222 
22:. n:3 
22.1::::@ 
21.195 
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18,3::;:9 
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20. 856 
2:1.588 
19.137 
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:1.6. (:45 
19.51:1 
22.5r69 
20.879 
17.223 
13.8::::1 
19. ::::71 
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:1.£1 .. 3:25 
2Z ... 883 
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23:.5i€1 
21.622 
15.967 
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16. 620 
22. ~:74 
21. 753 
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:1~:. :=:26 
16.699 
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:19.16:3 
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20.621 

0.0;:::0 
15 .. 244 
:1.6.015 
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:17. 4:~:(1 
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18.979 
22.5':';7 
21. E.51 
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:17.982 
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1:::. D?6 
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0.6 
0.3 
0.2-
(1,2 

0. 1 
[1 Z 
1. (\ 
1. 1 
1.3 
:1.. 7 
1.6 
1.5 
:1.4 
:1. 2 
1 .. 2 
1. 2 
1. 0 
:1..0 
(!.3 

0.6 
O. 4 
0. 2 
0. 0 
0.1 
0.2 
0.1 
(1. 1 
0. 6 
1.1 
1 -;:. ... 
:1.4 
1.4 
1.:1 
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1. [1 
1. 0 
0.9 
0. 7 
0.6 
0.5 
0.5 
0. 5 
0.4 
0.4 

DIFF 

0.~ 
0.4 
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0.7 
i. (1 

0.1 
1.2 
0.3 
1.4 
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0.:::: 
0.4 
8.0 
0.4 
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i.6 
£1.9 
0.6 
0.2 
0. :3 
1.9 
0.4 
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0.4 
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0. ~j 
0. 5 
i.2 
0.4 
0.3 
0. 6 
1.. ;) 
0.9 
O. 4 
U- .~ 

• 'J 

0. 7 
o 4 
13 .. 2 
0.2 
0.2 
0. 1 
0.4 
0. 5 
£to :5 
0.:1. 
0, 7 
1.5 
2~3 

3.1 
:1.9 
1. .; 
;1 -=-

0.6 
0\ -....... 0 
4.8 
5.5 
6. 5 
9. 1 
3.4-
9. :1. 
<:' ,'"' ...... ..:.. 

7.2 
7.4 
7.3 
6.1 
5.9 
5.1. 
.:! •• b 
2. 4 
1 .. :! 
J.j.2 
0. 3 
0.8'" 
0. 6 
0.4 
.-, -"7 
~. ( 

4. :? 
5.3 
6.0. 
6. 4 
5.3 
C" ..... 
_'. OJ 

5.1 
5. ~3 
4.5 
3. 6 
3.:1 
'?: .-. _ .. 0 

2.6 
2. 4 ,., -, 
.::. . .:. 
2.2 

% 
DIFF 

0. 6 
1 .~ 

0. 3 
3.5 
5.:1 
6.9 
O. 3 
:1.5 
£1. I] 
< ~ _., I::-

2.6 
'7 <> 
I .. I..} 

5.3 
!:'. !J 
0. 5 

12.3 
:1. 0 
7.5 
:=~ .. 2 
?- c· -. "_" 
'-. t~ 
~~ "-1 

O. 4 
2. 6 
0.i 
7. 7 
4. 13 
.1. ? •• ..> 

1..5 
5.:1 
8. 7 
2. ~) 
1.9 

11.:1 
:17.5 

u .:) 
J. ~ 

0. 0 
1:.6 
7. 7 
2. 9 
i.5 
:t 1. 
5.9 
4 .~ 

2.13 
3. 7 
3. 9 
2.3 
i2 
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• It is understood that V
t 

and Yttl depend implicitly upon the indicies e and f. 

These correlation coefficients, aside from having general interr'tt, 

a.re important in the discriminant analysis for the case of multiple sampler, 

F.tnd 'bri ads. 

Since Y
t 

depends upon e, t, and f, it is unfeasible to list their 

estimates f.or all values of these indicies. Instead ,.,e 'present averages of 

these quanti ties on certain indicies and combinations or.' indices. The esti~ 

mate:; have been obtained from Data Base I using standard estimators. 

In Tables 5-11 and 5-12, we present estimates of certain averages 

of Y t und Y tt I for ph?netic even'li #20, a t~l?ical case. In sub-to,ble 5-11a "le 

gi vo esM,mates of the triad average Gnd standard a.eviation of Y t listed as 

:f\mt'ti0hr oJ.' the fO:1tul'e f. In 5-11b on the other hand, ,fe prcc:cnt. the featul'e 

averDge and stando.rcl devlation of Y t listed as functions of the triad t. In 

Table 5-12 subtable 5-12a' gi yes estimateS of the triad averaGe and standard 

deviation of the inter-triad correlation coeffichm~ 'V tt I listed as functions 

of the feature f. In 5-120, the feature average and standard deviation of 

lihe G1.l.roG quantity are listed as functions of the triad pair t and t I, tf.t I. 

In Tabl.e 5-13 we present estimates of t.he inter-utterance and 

in'l:,cr-tl'ind correla.tion coefficients 'V t and Y tt I for all phonetic events. 

However, for the sake ,of brevity; we present only grand averages of these , 

quanti t:i.cn, i.e., averages on ~th features and triads (actually, triad pairs 

in the casc of V tt I,)' In Table 5-14, we present rank orderings of the grand 

nVC1'ar;c!S of Y t and Y tt I • 

It is to 'be noted that the grand average of Y has a maximum 
t 

,of .l~93 and a minimum ?f .357, corresponding to puonetic events 29 and 32: 

rcspectively. The arand' average of "ttl has a maximulll of .361 al:d a minimum 

of' .) 93> correspondinG to events 23 and 32.1 respectively. It is worthy of 

note thn t event 20 is not fur from the midd2.e of each rank ordering. The 

rat:i 00 of Grand o.VO'l:'2:~es of v t and Y tt I has a minimum of 1.16 and a maximu.rn 

of 2.::>0, correspondinG to eventn 27 and 29, respectively. 
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TABLE 5-11 

Est:i.mates of the Inter-Utterance Correlation Co
efficient "t for Phonetic Event ~~O 

. ' 

'. . 
'. 

,. 

" 

: :-

. . ..,: 
. ~'. . 

' . .. -,v .' 
; , 

, . , 

.. 

Feature 
~.:.-

291 
56~3 
220 

'250 
279. 
225 
5Z6 
210 
219 
541 
'245 
529 
252 
254 
272 
296 
51.4 
56f3 
26i 
221 
512 
303 
222 
2::1..6 
535 

. 6:1:5 
227 
249 
2:1.1 
229 

~ '.- ~ .... . 

a) Avg. on triads 

t .... 
. ' :~ .. . ~, 

. TRIRD HO. .. 
2(;0 ". . 54 
77' 

.; ....... 86 .. ,. .... . '1133 
,,,,, 
".' .. , . 137 .. 

" 185 
2'19 

. 

.' AVG. STDEif 

a. 5t:?~ e :1.8>$ 
o. ~- ... 0.3'17 ~"J:.. 

O. ';.';:6 0 3:23 
(\ ;:'·~;6 O. 153 
0 5:l.4 0. :?~q \:,.t:'toJ 

13. E,2'3 R :::r12 
·,8. '':':?5 e. 2:~8 

e. 4 7 ':'> , ~. 0. 4':>':-~ ... 
I). 44£1 8. 2::::< 
£1. 535 O. 3~5 
13 . --'..t B. .... -~ 

..!.("t .~b(:;' 

0. 472 e. 139 
8. n8 o. :;:~7 
Q. :151 0.2::'» 
o. 432 ~). .-.. e- ~ 

c...,-I~ 

O. 4:1.5 O. 201 
O. 548 O. <140 
O. 4?-4 O.2J.9 
e. :98 e. 220 
B. 1::5 o. ::;(13 
0. 40:; o. 412 
0.60[; O. 306 
O. 22(j (i. 278 
~3. iiE' B. 22? 
O. 197 Ll154 

-0 0.3? 8. 294 
O. 3·;'.5 0, 3~2 
£1. 1'32 0. 248 

-0. 1364 B. l·)'; 

0. :$16 13:.201 
" 

.... 

• ! ' . .. 
R"G STljEV 

O. 417 O. 3.04 
0.321 O. 427 
O. 47(' &. 26e 
e. 3.87 8. 303. 
0 .. 528 0. 32;3 

e.45'!. o. 2f!"2 
0.<;:34 B.3€;9 
13. ~22 O. :.1.{'S 

,', I:... Zc45t . B. ~?8 . (:,. :;:C}6 
' .• ~ • 25";;' 11.487 '. 0, 4~O 

. ..... ____ -'-'l'''---'''~- -.' .... -- .. ~.:"'.;,--- .• -.: •••• :- ...... ~-!"* ...... "--
: .:. . ... ~.::' , ~ _.. '. ~" ..... ' ~ ... 

b) A vg. on features 
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• Er.tim~:ten of' the Inter-Triad Correlation Co
efficient Ytt' for Phonetic Event #20 

J?ea.ture 
No. 'AVG STOEV 

C. 101 2:!1J. 0. '5.1.2 
560 O.44~ 11 J.S6 
220 a. 445 0.2j.8 
2!;;O 0.6(1:; e.12~ 

2'f'9 8.481 e. 157 
22<:i o. :a:::: 0.179 
5~~6 O. 4:1 o. 1~7 
2Hl O. ::93 o. 205 
2t9 n. ;!47 13.223 
~')'11 0,. 45S1 () 2·)·) 

245 O. 241 0.1'32 
e,;~9 O. 2J~tt eo 2~L:1 

252 O. 46? 0.2::)4 
2'34 o. :?t.:1 0.1;£,3 
272 0 :::o~: (3 1J9 
~9G O. 287 O. 14'3 
S14 Cr. 311 (3 2:;·3 
5':S O. ;2:)9 I). ;1 :;:3 
~ISl O. ::?E'4 (3,13';"; 
22:1. Q. :OJ \:1.180 
5J.2 (I. 1"'''' e. 247 t ,;... 

::0::: 0 t:~)1 \3. 21:3 
""':;..., O. 177 e. 177 
~_c. 

" ~1~ 0 O~3 0. 1$14 
IC""")("' O. 177 (1. jb2 
>J.~, .• 1 

~ 2:1~ 0 044- 0.128 ,. 
2~7 0.8,8 13.~04 

249 0.041 e. 175 
211 ~. ~5;:; B1.4-t 
~29 0 110 0.211 

.,~> 
: 

.. II • ~ " 
::. 

"' .. ~ 

a) Avg. on triads 
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" " ,. 

• 

e 

" 

" 

'. 

.. 

TRIAD 
I 

28 
28 
23 
~:3 
2:3 
2,~ ., .... 
~O 

28 
28 
54 
54 
54 

54 
~,.:f 
54 
5/1 
54 ..,..,. 
j I 

77 
77 
7'1' 
77 
77' 
n 
86 
86 
86 
e/;; 
86 
8':: . 1e:3 

1.)8 
1Qf.: 
108 
108 

'137 . 
137 
H7 
137 

,. 
t 185 . 
185 

'1S5 
219 
219 
~4'1 

TABLE ~-12 (contd} 

PATH AVG SlDEV 

54 ~l. 21'::4 O. :;:88 
"?7 0.272 lJ. 2t:3 . 
::1':; 8. 21'!. Ct 227 

1.:1::; O. 254 C~. 2se 
1~7 O. '::5$ O. 246 
1:3:, (1. ;:;~o 8. ~24' 
2J.9 13. 2~t5 O. 2C1J 
249 O. 28S O. 2~l 
253: ~. 26'5 0.2113 
?? 8. 348 O. 21.8 
8'· '.0 8. :'ClG . O. ~53 

183 e. 254 O:2~~ 

1~7 0.2;33 a. 248 
185 13. s~G 0, 191 
2.1.9 I), 219 . O. :1s/:;; 
~·19 8. 17::: o. ::':-~7 
25:': O. :<6'1 8. ~4:::: 
~t:; (1. :':06 tJ. lJ::~ 

108 8. ~42 ,0.240 
1-'''' •• r 0. :?56 0. 217 
1::15 O. :!:79 R 23s 
219 O. 240 0.228 
249 0. 20!5 9.225 
2'53 o. ::;,;~ . 13. 271 
10S 0, 26f:~ O. 21:3 
1-'''' ...>1 13.2:013 I) 1f?6 
1:35 O. 2:9 O. H;7 
219 '3 2';;5- O. 18~ 
249 0, 253 8 ~!.7 
2SZ O. ~48 \3. 2~~5 
137 o. ~4J. 0. 2;>0 
185 o. :n8 8. 269 
219 0_242 e.~12 
249' O. 3.46 13.204· 
25l Ct. 26(; 8.248 
:1.85 O. 2J5 0.1:'1f: 
219 O. 287 13. 252 
249 o. 316 tj 200 
25~ (1. 298 O. 2:;7 
21.9 0. 284 0.256 
24:? ~J. n3 e. ~21 
2~:? O. 349 I) 26'7 
249 '3.224 O. 214 
2.53 0.23·2 13, '1:n " 
:::'~~":t 'Jl ~"p. A ~'1'1 

" 

b) Avg. on features 
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I 
Grand Av':rnfJIJG of Intcr-Utterc.l1ce and 
Intor -!rr:i n.d Correlo. tion Cocffic ient.E' 

~--------~----~~------,------------------~------~~-------, 

i:!l 

2'( 

30 

31. 

33 

Intor-Utterance 

"It 

.lj~9 

.4·15 

.491 

.4G8 

.4·55 

.361. 

.1~60 

,1(.23 

.287 

.333 

.271 

.361 

.258 

.309 

.354 

.334 

.224 

.291 

.296 

.193 

.287 

Rank 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
" 

*Tie 

• 

Rank Orderings of G.c·a.nd AveraGes of Inter-Utt.errulCQ 
and Int,er-Triad Correlations Cocf.f'icicmtn 

Phonetic Inter- Phonetic IntQr~ 
Event U'lii:,e:vance Event Triau 

"It "Itt I 

29 .493 23 .361 

23 .1~91 27 .354 

24 .468 ~8 .33h 

28 . .460 ~1 ·333 

25 .455 26 .309 

30 .1~h1 31 .296 

21 I •429 30 .291 

20 .l~24 24 .290 

31 .423 33-* .287 

22 .415 20-)(- .237 

27 .11-09 22 .271 

26 .361 25 .258 

33 .359 29 .22h 

32 .357 32 .193 

5.103 



G.o W:!BGII:G: rWDU(:TJOIi OF !;YGTE·1 COMPIE.XITY i'lITl!oUT LOSS 
or·1 m:GHIIi'ICAI:T nrOlfu.~lJ:C h'V'ENTS 

AG dim!UG:Jud a'b(N(J 11~ phonntic evento ho.vc been labelled in the 

va.d.mID {h1,~ l,m:p,~. (Jll,·:r.'ll,tionally, it io don:l:rablC' to be s.ble to use the 

Dyoia::m :1f' [~~j~l ~;hb~;(!1j (ji' thouc :1.0 pl'(wcnt. Va:riouo not:i. r <13 for extracting 

emu {!lmjtf'.;;llf~ th(e {It'41,inticu.1. iuf.'orrr.n.tlon contained in the data. bases were 

(mrlQ!'ld;'Jr~11;'.· "!Z:l}]fjl'e~l l/d'orc til'; dC'tcrrnillo.tiotl w::.s made tha.t the most reasonable 

tru~tQh, tfJ 'b'l't,h UV? i'li!'I'llC'ie am)l tc.'o,tion of r~GIS a.nd the schoclnle of' data 

n.vn:nnbJ'l1.t~·l wnD to '/:'t,lJ ' l1l;l,tc 1.1111 rlorfo:rmo.l1c(~ :('01" all poosible subccto. Table 6-1 
r,I.VI'>l i.k' d"t:d..l (It! undH'!'u for thu combin4, ~()J:·in.l problem for the range of interest 

'Lf) f~AD:m. l'nl't ~~ ot' tlll1 t::t1J1.n illuctrutcG the reduction which is achieved by 

c1:Lh('l.' J'r~:g" hl;~ the, lle~.'.tH"ll' 0:(' l)honotic evcntn (column .1) or by restl'ictinc; the 

c;Y'"tCI.I t'l L· U;;t'tl .l'Ul' 1: (II.' 1WJ1'\1 eVl'uts 01' ttlc n available. Dctermino.tion of 

all :r i'tlt' : >,J 1,~I,l·t.tcul/'t' n 1:3 not l'c(l,Gotlablcl b~\fo:r;'c 'both ft1.l"ther operational 

(1Jt.u~l.l"t(lH C('flill,l':itlti awl tlhi titn:t..iuticul Si{JldL'.lc:!arlcc or the resulto arc obto.incd. 

G{lrm.l.lh·I'I.~t 1 t~1 t 11' t1 j,~~e l''\.,IJt'nlj(! u.ril t~blc CO!nl\utcl.tiol1:!.l tir.iO Guc;c;eota a set of. 

.1{J nVVl11.n y;_1'11i1.Hg 10:'J Gulwct(; tm 0. rCQ.soIlQ,blc tabulation goa.l. The oectionc 

beIn';-, ili·';.~l·?b ~ Ul(' aWL1.y.du cm'l'lcd (mt to dntormine if' this io indeed a reo.

uOll'1.b 1,. e' '~l. m'·l) ii' no~ Dl)(:cificnl1y hOi., it can be attc.:tned 'Yithou'b disco.rdine 

l\.uy HI,!~i'l: 'I 1 j. 'lll ,ti.~ t?V( 'ui,n. TIlt! uolution lU.'puL·uted is to dj.oco.rd one phonetic 

flvnnt. and 1'~ 1'.':i·I~\' 3 l"t:il'fj of OVl:l1tU. Thiu n!(.:raillC process enables the Dystem 

to l'('trdu U 11 tn1·o:t.·m'l.t,t()~1 in tlu;uC' l'hc.motic (:vcut3 but to supprcs3 their effect 

flU tl)i~ t~l~ 1,:: ,~! (}l'la.l /,xl\l,oniClll. ~~hc puil's arc chcsen to nlillimizf'1 the d~~gl'ada.t1,on 

in lll'l'i\n':"~::l"', aml" [~G r;l!\MU l}!Jl(\~~r, the decradc.tion ,~.,hj.ch docs result is very 

Glil'1.1 'I. ~\k' dlfiPIlUUtL!l l)t'lo'(-I' i'i::t'Gt outlincG cr4.t(~ric. flor oelecting 4 p3.irs of 

1,hl~ t'1·1i.~1: •. ~ :lIt l'VI'liiA, t.o b!\ n:(,l'CI'tl, prcoeutn D..!'gm'lcnts for disco.rding one event) 

tld'ili"(; U'" ,:,r( ·d.t'!e l':q'f;rll::entG I'f!ri'ol"lllcu, and pl'coent~ t=':l rOGulto for the 

!Ifi.(' nn~\lyt;jll ~'l' tlC'\!tion 6.f~ l)1;:lm; "lao cLU'rie(l out on Dc.t:.1. Base I; the 

l'h.irt'l 't'l\D,~ i ,t' ,,'1' :.l\:'eUon 6.J~ 'I.;ere obt:l.tnt'd on the 75 spcn.kcl' training portion 

6.1 
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6.2 Criteria for Determining Merge Candidates 

The decision to use a table look up precedure on combinations of 

1'01' more events has necessitated a reduction in the 14 basic events. Experi-

mental results have indicated that the dimensionality is less than 14, so 

the effort appears :t'easonable. The bdsic assumption for the analysis belmT 

is tl1at it is desirable to merge 4 p~irs of events. Since this may be done 

( 1~ ) .( 1~) .e~) ( ~) = 91· 66 • 1;5 • 28 

= '7, 567, 560 

'I,-rays, no attempt at an optimal solution is made. Rather, several forms of 

ltreusonablenesstl criteria are used to obtain candidates for merge. Approxi

nately 20 sets of candidates are obtained by this procedure. The choice 

among them is made by comparing the resultingstatic~ti~sJ 9.S dr:-ecribed more 

fully bejoi'" 

The most li.kely phonetic confusion pairs are shown in Table 6-2. 

The grouping represents sub,jective .judgments based on similarity in terms 
I , 

of the. SASIS display and in terms of the vowel quadrangle. These conjectlll'ed 

confusion pairs are shOim linked on Table 6 -3, which presents the SOC and 

F-ratioo?:' rank ordered events. The intent is to examine 'I,,,hich phonetically 

similar pairs are also similar with respect to the statistics represented 

by the SOC and F-ratio measures. Table 6-4 tabulates subjective evaluation 

of the confusion pairs based on a SOC F-ratio measure which is the number 

of intervening events between a candidate pair on the SOC and F-ratio rank 

orderings. Only the (30,29) or Ivl - lui pair receives a good rating. 

Tables 6-5 and 6-6 shoi" the correlation coefficients computed on 

the intra and inter speaker data; respectiv~ly, from Data Base I using an 

edited weighted Euclidean metric Event pairs w~_~ correlation coefficients 

greater than or equal to 0.50 are circled. The intra case is plotted in 

Table 6-5c together with the average cOl'relation per .event. The phonetic 

confusion pairs are circled • 

------------------~-----------

*As defined in the discussion on distance measure. 



TABLE 6-2 

Phonetic"Confusion Groups 

20 

31 

32 

33 

Im/ 
/n/ 

/n/ 

li/ 
III 

lEI 
1a.1 
/(J.I 

101 

tVl 
lui 
IAI 
I~I 

lei 

6.4 

MX 

NX 

HG 

EE 

IX 

EH 

AH 

AA 

AW 

UX 

UU 

UH 

ER 

SW 

TABLE 6-3 

Phonetic Confusion Pairs 

SOC F2 

20 33 

~ 29-)(. 

(;) 24 

33 

'b. 

~ .' 4(. 21' ~ 

32 1!> 

31 

I 

I 
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A number of tables have 'been constructed, based on these statistj.csl' . 
for the purpose of produ.cing interpretations su.itable for defining event mers€: 

candidates. Table 6-5b shows the events rank ordered by the averu,gc inter 

event correlation coefficients a.erived from the intraspeaker data. 

shm,s the correlation rank ordered event pairs having intraspeaker correlations 

';?!().50. Table 6-8 is a 1~,x14. event matrix showing those event pairs having 

high intra and interspeaker correlations. The marginal tabulation gives the 

number of high correlations per event for the intraspeaker and inter speaker 

cases. Table 6 -9 presents a ra.ting of -the phonetic confttS ion pairs based on 

the intraspeaker and int~rspeaker correlations. 

Table 6-10 shmTs the 14 events rank ordered from most fa.vorab1e 

for merging to least favorable for merging, based on the third column of the 

margiU'3.1 tabu1ation in Table 6-8 (the total number of high correlations). 

The phonetj.~ COnf1.1Sion !l[-l·i.:r.s Rnd the sllbject.i VP evaltlr.'\.t·ions from Tab1(')s 6..h ann 

6-9 are also shmrn. Table 6-11 lists the nine event pairs from Table 6-8 

which had high correlation for both the intra and the inter speaker dat.a. The 

event pairs are rank ordered on the sum of the intra and interspcaker corre

lations. 11'he events themselves are then grouped as shown and rank ordered 

using a figure of merit based on the event pair rank ordering (this is essen

tially equivalent to rank ordel'ing the events based on the average correlation 

for the intra and interspeaker data, as shmrn). Table 6-12 presents a 

comparis,on of the event rank orderings from Tables 6-10 and 6-11. The corres

pona.ence is quite good, indicating the reasonableness of this procedure for 

evalUc'1.tion of the llmergeablenessll of the events. Tab 1(;, 6-11b indicates which 

events to merge. Table 6-13 6hOl'7S nine sets of events, seven of which are 

unique,.:chosen from the structure of Table 6-11. For the first group, the 

event ];18.ir ranking most likely to be reasonable mergeable ifas selectee1 first 

from Table 6-11a, then the next ranked event pair for i-Thich both even'cs i.;rere 
, 

available "Tas selected. This process is continued until either the (wents 

are exhausted or 4 pairs are selected. For the second group the initial event 

pair chosen i.s tha. t, ranl\:ed 2nd in 'lIable 6-11a; the rest of the pairs are chosen 

as above. The event groupings of Table 6-13 result. Where the list, is incomplete 

a reasonable final event pair '-Tas chosen based on a subjective inclusion of 

previous results • 

6.10 
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TABL'8 6 -lIe. -.....--

9·.Event Pairs ,\,1i th :High Corr 
inter & intra (from Table VII) 

Intra Inter 

, 211--25 .61, .74 

25",27 .65, .78 

26-28 .61, .55 

27-38 .64, .64 

24-29 .56, ·50 

27-29 .50 , .5° 
25-31 .51, .73 

27-31 .78, .77 

28-31 .71, .69 

TABLE 6-l1b 

~ 
1.35 

l.h3 

1.16 

1.28 

l.od: 

1.00 

1.24 

1.55 

1.4Q 

Ranlted --
4 

2 

7 

5 

8 

9 

6 

l~,.bes t merr'e 
candidate 

3 

.' 

", ' , 
r 

i_ 

I' ,! 
I 

t 

TABLE 6 ~ lIb (Con~) 

These 7 events 
" . 

ranked! 10'.·, to hi 
J1 

,/V 
best merge 
cand:i1n.te 

31 rn .67 

25 ~ .67 

27 G£l .65 

28 G .64 

24 G .60 

26 GJ .58 

. 
29 [!1 .,51 

6.16 
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Table XI s , 
£.r.om. Ranking '. 

[ill ~67 

TABLE 6-12 

Comparison of Rank Orderi~gs from 
Tables IX and X 

ranked ty avg corr. 
Goef f01: intra a.nd 

I • 

inter corr. Both 
~.50 

-. -~ --.--. . ..- I"'t.~~ 

Table IX's 
'from. Ra~<ing - -

31 ... 11 - 6,5 

25 ~ .67 ~~' 27 ... 10 - 5,5 

[ 4~1 27 .65 --
28 ~ .64 ------
24 '~ .60 

26 f2J .58 -,', 
29 18!1 .~1 

,',:;:, 

I 
" 

ranking from overlap of 
high cor:'. intr~ & inter 
entries only (not con
sidering other events) 

,'.' 

I 
" 

-> 28 - 9 - 5,4 

25 ~ 9 - ~',5 

--I» 24 - 8 - 2~6 

-~ 29 7 4,3 

~ 26 5 4,1 

6.17 
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32 4 3,1 

23 3 1,2 

20 - 2'- 0,2 

22 2 0,2 

30,', - :2 2,0 

~~ 
ank ' f' 1I.....Lob 'r ~ng rom ~ or Ou er 

events for ,.,bich sig. 
, borr, "exists in both 

intra & inter corr. 
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The pr.ocess described above for the 9 event pairs having high 

intr(It and interspeaker correlations is repeated for the nine event. pairs 

for which the intra correlation but not the inter correlation is high, and 

for the 10 event pairs for 'iThich the intercorrela-c;ion but not the intra

correlation is high. Tables 6-1L~ and 6-15 repeat the form of Table 6,,11 

for these t"Wo caseo. Tables 6-16 and 6-17 list the selected se't'p'from 

Tables 6-14 and 6-15. 

Table 6-18 presents 3 sets of !~ event pairs chosen from the phonetic 

confusion pairs conjectured above. 

Tables 6-13, 6-16, 6-17, and 6-18 present 20 sets of lj. event pairs 

each as candidates for merging, chosen 'il'ith the aid of the criteria dis

cussed o.bove. 

6.3 Definj.i~ion of fl. Specific Set of Ex"pr:-r:i.ments 

Relative Frequency of Phonetic Events 

Table 6-19 presents the relative frequency of occurrence of the 

SASIS phonetic events) b8.sed on the data of Denes and De'l.;ey. These data 

have been extracted to prevent the possible merging of two phonetic events, 

each of which have a very high percentage of occm'rence. If this were to 

occur the resultant event class '\{ould be too large a fraction of' the total 

and the results of SASIS would be exC!essively sensitive to the presence of 

this event class. 

Table 6-19 shmrs that the results of Denes on English spoken in the Received 

Pronunciation (a dialect of S01lthern Engla.nd) and Dewey on 'i.,rrj.tten General 

American English are surprisingly Similar (except for eve.nt 25: 10./) despite 

the rather extreme d:i.fferences in the details of their respective data. 

Only the mer~e of the tmlikely pair of even~s In/-III based on Denes or 

any of In/-I/, In/-/a/ II/-/al would create an event class which represents too 

large a fraction of speech. Accordingly, these are avoided belmv. 
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TABLE 6 -JlJ, 

Nine Event Pairs with High Intra and 
Low Interspeal\.er Co::re1a tions 

Intra Inter 
Event Pairs: Corr. Corr. 

~. 

Z. 

23-31 .60, .45 1.05 
25-29 .71, .47 1.18 
26-27 ·52, .44 .96 
26-31 .67" )~5 1.12 
26-32 .73, .OO(!) .73 
28-30 .50, .28 .78, 
28-32 .72, .33 1.05 
29-30 .50, .40 ·90 ' 
31-32 .68, .33 1.01 ' 

Rank ordered events 

Event Score 

• 25 1 

31 2t 

23 3 

29 4 

.\ 26 4 3 

27 6 

32 .6 

·28 6 

30 
1 

7'2 

• 

6.20 i~ 
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Rank 
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TABIE 6-17 

* . Selection of Sets of Event Pairs for Merging 
Based on Table XIV 

1 2 3 4 5-

24-27 25-28 . . 24-32 20-22 24=31 
25-28 . 24-32 20-22 24-31 20-21 
20-22 20-22 23-25 23-25 23-25 
29-31 29-31 29-31 **26-28 **26-28 

* . 4 Phonetic confusion pair added to obtain event pairs 

** . ' . 
(t~e 6 to 10 initialization is not pursued) 

, 

" -

.' 

r------:---....... ------iIS .-~'".-~.~~-.•. --.--,-.~. 

·e e e 

• 

0'\ . .,. ro 
r-.,... 

TABLE 6-18 
Selection of 3 Sets of Event Pairs from the 

Phonetic Confusion Conjectured Pairs 

1 2 3 

29-30 21-22 21-22 
26-28 23-24 25-27 
25-27 25-27 26-28 
23-24 26-28 29-30 
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20 

21 

22. 

29 

30 

31 

32. 

~3 

Iml 
Inl 
I-n/ 
Iii 
III 
lEI 
lal 
lal 
pi 
lui 
lui 
IA! 
It/ 
I~I 

.;":;,:,',' 

TAJ3LE 6-19 

Relative++ Frequency o~ Occurrence of the 
Phonetic Events Qf' SASIS (expressed in ~~) 

i + 
Denes' 

3.2890 

7.0849 

1.2436 
' .. 

1 .. 78rr8 

8.2537 

2.8226 

2.3085 

1.5261 

1.2007 

.7672 

1.4222 

1.6701 

.6661 

9.0445 

DE!'\Y'ey 

. 2.78 

7,,24 

..96 

2 .. 12 

80 53 

3.44 

.- 3.30 

8.58 
1.26 

.69 

1.60 

2~33 

Stressed 

3.80 
7.!}2, 

.75 I 

1.78 ' 

3 .. ll 
4.'(9 

3.78 

2.73 

1.89 

+ ± .3% at 99% confidence level. 

+~ Relative to the data' base of the t~.;o authors quoted. 

* 26:::a: + 0 o~ Denes; 0 + a of Deivey" 

-x-x- a + ae of Dewey. 

6.25 

... 

Unstressed 

2 .. 89 

6~82 

1.62 
1.79 

12~23 

1.29 
1.18 

.60 

.. 67 

.74 

Discard of Event 33: /e / (- the) 

Event 33 has been eliminated from furt}ler conSideration for the 

following reasons: 

1)' If the data of the first and s'econd sessions of Data Base II is tabu

lated to yield the number of appropriate triad pairs available per 

speaker compariGion per event, the result is a set of numbers betv."een 

o and 9. An approximate tabulation is given in Table 6-20. Event 33 

is the Single event w'ith the least number of tokens available. 

2) Event 33 is not vl'ell represented in the Data. Base (labeled only in "thell). 

3) As shOim in Table 6-19, although /e/ occurs ,vith a total relative 

f'requency of over 9~, this is actually a lopsided averace of over 161> 

tmstressed and 0.04% stressed. Its unstressed, aperiodic structure 

makes it difficult to label and, as implied by (1) above, it frequently 

is unlabelable. 

4) As a fl'equently occurring unstressed neutral, it is very likely to 

result in confusions '\{tth many other unstressed events, res1.l1tillC in 

a large variation in performance. 

Hence, for the purposes of SASIS, there are 13 phonetic events considered. 

Rules for Merge Experiments 

The follmring rules for conducting the merge experiments i{ere 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: 

(D 
Phonetic (25 26) 
Confusion 27=28 
Pairs: 29-30 

High Intra (3l~6.) 
& Inter 25-24 
Corr 28-27, 

Set I 

- - - - -.- - - -- - - -- - - - - - - - --- - - - - - - - - - - - ... - - - - .... -
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~ 
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3) 

-x. 

Btigh Intra (25-29) (21-31) (23-31) (28_32) (31 .. 32) Low Inter 27 ... 31 28-32 28-32 27-2 27-26 
Corr 28-32 29-30 27·,26 29-30 29-30 

High Inter ('2!!:-2b)* (25-28) (24_32) 
Low Intra 25-28' 2!~":32 20-22 
Corr 20-22 20-22 23-25 

Set II 

(
20_22) (24_31) 
:=A-3l20-2l 
23-25 23-25 

The merge of 'b~fO cvents is performed on the e).1?D,nded data (,·rhere the 
expanSion is by averaging over triad triplets) so there are 10 "disto..nc~ 

for each speaker comparision) if event i and j are to be merged) 
then there exist already dJ.' 6 d. . t + d. . ~' and also d

j
, 

- 1 In r3 J. ln~er 
then the merged event ij's diS~S ar~ defined as 

d· ... fj d
i + ~ ij 

d
i dj 

.', 

2 

lliere are 10 distances for each speaker pair comparison for the "evellt 
class "i j" • 

4) The similarty measure is then run on the 10 event classes to yield 10 
SOC curves via the i:'ollmfing procedure: 

1 2 3 !~ 5 6 7 ~ 9 10 

1 6. drop event class 1 
, 
2 6. drop event class 2 .. 
o I , .. 

10 6. d:rop event class 10 

and plot the SOC curve for the remaining 9 event classes. 

5) This process yields 10 SOC curves for each three po.:i.rz listed abovlJ. 

One of the mcrg~s to be avoided. 

6.28 
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The 100 SOC curves on set I \.;ore obtained first. The results" 

(~ 
,..... ........ ........ 

~(rf 
........ ..-.. ........ ........ 

~ (\J ...::I' o 0 t- ...:f \0 ,-\ .::t doscr:Lbed below) were satisfactory and Set II "'as not examined. (\J (\J ('I") ('I") C\J (\J (\J ('I") (\J 
I I I I I I I I I I 

0'\ r-l ('I') 0\ 0'\ ro 0'\ 0'\ t- 0'\ C\J (\J (\/ (\J (\J C\J C\J (\J (\J C\J ....... ....... ...... ...... - ........ ......... '-" '-" ......... 
6.4 Results: Final Set of Phonetic Events 

Table 6·,,21 lists in detail the events dropped for computing the 

~CD~ 
....... ....... 

9 event-clcws SOC em'ves discussed above. The pail:"loTise decision tree is .::t eo .::t \0 If\ 
,\1 C\J C\J C\J C\J 

Figure 6-1- It is based on comparing those cases in pairs which 
I I I I I 

shown in 11\ r-I If\ eo r-I 
C\J (Y) ru C\J (Y) 

Imve the largest nunfucr of comparable SOC curves (i.e.; 
'-" ~ ....... ......... 

for ,.;hich the same 

event or event class was dropped). Table 6-22 presents the detailed scores 

used to dutermine the branches of' Figure 6.l. 

~ 
....... ....... ,.-,. ....... 

~CD~CD ~ \0 \0 C\J co \0 
C\J C\J (\J C\J C\J C\JC\J C\J rd () i I I t!- I I I I I I 4) 
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If\ r-I r-l \0 r-I If\ co 
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~ til 
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DISTANCE AND SIMILARITY MEASURES 
I 

OVERVIEW:. A 'TV70-STEP APPROACH 

11anY structures are feasible to map features into a similarity , , 
measul'e. The f'olloI'Ting structur~ describes ,the architecture wi thin which 

:,this investigation has been conducted: 

• lillY one of 10 phonetic event groups may be present in the 

base (or reference) sentence(s) (or utterance(s) ). . . . 

• For each event. to be used in the base sentence (in the 

form of one or more triads), the query (or ~uspect) 
sentence(s) have one or more triads. 

o For each event present in the base sentence a single 

. distance measure is obtained by comparison of allO\'lable 

triad pairs or tokens (those having the same sentence 

position) • 

e Complete' or partial sentence repetitions are explicitly 

hanc1.led by the distance measure. 

• The sirr.ilari ty measure expli9i tly alloi{s any combination of 

the 10 events to be present and produces a likelihood ratio 

whose reliability is, of course, a function of the data upon 

which it :is 1)ased (number of distances, i{hich distances, 

. number of tol{ens upon i'ihich the distances "\·rere based). 

.. Guidel~ines for interpretation of the likelihood ratio are 

presented which may be usecl to mal{e a sam~, different, or 
, --- . 
insufficient data decision (a IIti-lO choi'ce open decision": 

TCOD) ~ 

Figure 7.1 shows the two-step structure. Figure 7.2 illustrates 

the input data structure. , , . 

The analyses described beloi'l made use of Data Base I for 'llhe 
j 

determination of the'dist'ance for:m and of Data Base II for the final 
',\' 

results on the similarity measure. Hhere time and schedule permitted, con-

sistency checks on conclusions drai'm on Data Base I were made using Data. 

Base II. The areas in "lhich this "ias not done are explicitly stated below. , 

DISTANCE MEASURE DEVELOPMENT 

Basic Considerations 

1) vlhat is Distance? 

The formal definition of a metric space is: 

An arbitrary set X is a mct~ic space if there cxictc D. 

function d.:. X x X -t R such that (1) d(x,;V) ~ 0, with 
=0 IFF x~y; (2) d(x,y) = d(y,x) (symmetry); (3) d(x,z) 
:;; d(x,y) + d(y,z) (triangle inequality), for any x,y, 
z.e: X. d is the metric. 

Any inner product generates a norm "lhich may, itself, be talcen as a metric. 

While the formal properties must be kept in mind, engineering 

applications in the pattern classific.ation context have generalized the 

intuition behind this structure to include a wide variety of measures to 

compare pattern points! (elements of the basic set X). The ti'lo-step process 

described above was chosen for SASIS because it provides enough degrees of 

freedom to permit obtainj.ne a reasonable solution given the time and 

schedule constraint's and the §: priori unkno,'ll1 nature of the data. The over

all similarity measure certainly may be viei'led as a metric. He choose to 

apply this terminology only to the first step for the discussion and develop

ment described immedia~ely below. 

The distance being sought is to be a measure of the separation 

beti'leen the feature represen":iation of the steady state por·tion of identical 

triads in identical sentence position. Since a phonetic event is expected 

to be found in several such triad pair~,for a given operational comparison of 

7.2 



-4 
I.JJ 

-.:J -...-
"t-

~.e e 

Characterized by features 
and pairing of triads 

base se 
any number 
of optional. A ~ 
repeats ,...~ 

query 

----------
distance reeasure 
per phonetic event 

- in any combination) 
entence . 

---------J (up to 10 events 

-------

OIlY n1l!llber oJ: / 
optional repeats 

d
l . .. 

s 

" 
'" 

dlO 

Figure 7-1. 
Two-step distance and similarity 
structure 

It 

similarity 1 
measure by 
tabJe look-
up in one of 
1023 tables --

r-S 
~ likelihood 
I ratio 

. 

---------...-.II_a 
·--,.e 

BASE (or REFERENCE) 
Sentence 

Possible complete 
repetitions or of base 
sentence: partial (arb. no.) 

Query Sentence 

Possible complete 
repetition 
of query or 
sentence 
(arb. no.) partial 

e e _I 

phonetic eventsto be considered (described as triad) ~rom which features are extracted. 

J 
. ( 

1 ~ j f 
-r-:'1-----r; -g: .-----~--- -/-:.: 'f ~--J~~ -f-----· --f'~";1 
~, .. ~ _ • ~ ~ Jp.,., 

----.t-'..:- ---... :::. . .. ~--..... ---!.. .... , -... ----.------.............. - ..... -. -----. 

-t :fiID.e~ 

I~~-~:': -·r~;r-Tfil-· -·------"i{t ___ .. ___ J . .:1 __ . _____ . ____ t: _ _ .• _~" '" ____ . _________ ... __ -_ .• __ •. ___ j ----

p·"--"'r .- .... ____ -':::-__ !L,_~ __ _ ]·~·".·'--f-J 
';-''',t >~._~ _. .r _!-__ 1: .~.l. ___________ _ 

--rB !t.~q ----·-f~;r·-·-rf~:(-·------ '-::~r . 
_~~ ~.r.__ _.~/_. __ ~_~ _ _[~~ .. _______ _ 

/
" 1 -{;.:::' ----':- - .;. ---~ •. - ,--' 
~'-~'1 ~~ "·i i,!.;._·_·· ___ l_· ...... I _____ _ 

-_._---[":;.-:.\ 
~--------------~ 

~~{ 1;~:;1·- - -------\;.·;:f -- -
-.~ .... l:, ~ -----_. -'_. ------------" .. ----._--'_ . .... _._----_ ....... --- .... _--_ .. ,_ ... _- .. ------------

Figure 7-2 Input structure 

~.!~ 



• , 

a base and query sentence, the distance measure must sp~cifically take this 

into account. Since repetition of the query sentence has not been part of 

the data bases collected, the operational form remains to be defined and 

the distance measure results given below do not consider this aspect of the 

operation. 

A frequently-used, geometrically based, measure of distance is 

the Euciidean form, 1'111ich may be interpreted as motivated by an energy 

criterion ru1d second order statistics. For classification purposes, a large 

di.stance bet,1een any pair of components (features) tends to dominate the 

result. This suggests that alternate forms, such as a weighted sum, a 

saturating Illocal" distance, or pOvTers other than the square, ma;l{ be less 

sensitive to individual features and, consequently, may more suitably re

flect the separation of the triads in question. 

Before proceeding with a description of thE: fOl'!UB wl!leh "Tere 

examined and "Thy, the problem definition is represented from tylO different 

vie~'rpoints . 

i 7.2.1.2 Problem Definition 

7.2.1.2.1 First Vievrpoint 

Let us restrict attention, for the purposes of the discussion in 

this section, to a single phonetic event characterized by l-1 features. The 

event is represented by one or more triads in the base sentence(s) and in 

the query' sentence (s). For illustrative purposes let M = 2 so that simple 

figures may be dra"iVn--e. g. Figure 7.3 represents a case "Ti th three triads in 

the 1.:Jase and query sentences, "lith a single repetition of query 1. Although 

distance between t'"0 sets is, in general, an ill defined concept, certain 

"natural ll interpretations are suggested by ~ priori knowledge of '"hat the 

data represents. For example, if the samples shovm in Figure 7.3 are viel:rt3d 

as observations produced by' 3 processes with unknovm statistics on the (f
l

, 

f 2 ) space, then in a qualitative sense~ it seems "natural l1 to regard a measure 

• 

, . 

3 triads from 
base 

1 X 

2 X 3X 

10 

20 30 
3 triads froIn, 
query 2 

3 tdads from 

query 1, each 

repeated 

---------------------------------·f 
1 

Figure 7.3 

which compares estimatef:i of those statistics as a valid distance bet,"een 

those processes -- Le. bet11een -the clusters ShOioffi. These estimates 

" (fl , f ) I p 
2 query 1 

A (fl , f 2 ) I l' , 
qU.e:ry 2 

may be constructed from the srunples in a number of ways, e.g., 

a) by using potential fUnctions (over the entire space or, preferably, 

only'in the vicinity of actual samples), 

b) parametrical1Y
1

(bY assuming F functional form for the true pdfls), 

c) indirectly, by expanding the. estimates into a weighed linear sum 

of functions drawn from a complete set and determining the coefficients. 

Direct application of these formulationl3, and a host of others equivalent to 

them, is not appropriate for SASIS for the follOl'ling reason. The overall 
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distance betvreen ,ti"0 clusters for the given phonetic event must be C011-

stl'ucted from pairvTise measures and not from some averaged cluster 

properties as shown in Figure 7.4. 

2X 
i 
\ 
I , 
I 
I 

26 

1X 
\ 
\ 
\ 
\ 
\ 
\ 

10 

3X 
~ 

\ 
\ 
l 
\ , 

3C!. 

1--------------------------------------- {) 
Figure 7.4 

This is essential becau.se the events are only partially characterized by 

the fcutures and the additiopal characterization is implicit in the 

pai.ring. (The specific question concerning ,\-,rhether 'che points $ho;.,'l1 are 

necessarily triads, as stated above) Or some higher grouping based en hub 

posi.tions, Sf),Y, is of no consequence for this discussion; the pairvTise com

parison described is still essential.) Hence, the strucb.U'e dictated by 

the problem is to construct a distance per event based 011 one or more speci

fied pair1'rise comparisons and to perform averaging, if any, after this step. 

The specification of the pairing for repeated equivalent points (triads in 

the example above) may be either parallel 

x~---,..,u 

Figure 7-5a 
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• 

or concatenated 

I I 
Figure 7.5b 

The choice bet'i'i'een the ti'i'O must be empirically determined. Either vieior

point is acceptable; the algorithm for the distance measure remains unchangcd. 

Within this structure a large number of approaches are reasonable. 

The best approach is dependent, of course, on the type und complexity of the 

distributions encountered. Two such appl'oacnPR "Hj1"'e sf'lectE'u on an inttiitive 

basis for comparison i'Ti th each other and iori th the ,."ciGhted Euclidean distance. 

They are described in section 7.2.1.3 below. 

! 7.2.1. 2 .2 Sec ond Vie·,f,9oint 

The primary fea.ture vector is Asetnf where the subscripts 

s - speaker lable (s = 1, ••• , S) 

e phonetic event lable (e = 1, 

t - triad label (t ::: 1, .•. , Te) 

... , E) (E ::: 10 belOi'i') 

n - ordinary number of salllples for a given speaker 
(n ::: I, ... , Nset) 

f - feature index f€ F ' .... here F is a subset of 30 of e e 
the 165 available features. 

:::n approaching the problem of distance or pseudO-distance measures 

' .... e consider first the situation in which there is only one sample :£'01" each 

speaker assumine a given phonetiC event e and triad t. We then define the Fe

dimensional vec~or 
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(;1.) 

• 

X' 
setlF 

In X , the SUbScl"ipta e, t o.nd 11(=1) 
s 

are understood to have assigned values 

and the feature index f labels the componcmts of Xs' We nex'b define the 

2F-d1,mensional vector 

(2) X == 

i<2 

i.e. ) X is the (Urect sum of Xl and X2. This 'vould be the feature vector 

to be used in the speaker compo.rison problem, if there 'fere only one phonet~ic 

event e, one triad t and one so.mple for each speaker. 

As stated before; in order to obtain a significant measure \fe focus 

on obtaining one with optims.l performance in the role of a discriminant 
I 

function. Thus it is a'Ppropriate to recast the pl'o'blem in a pattern classi-

fication form. Here i-re define t,,,o cla.sses: (a) one in iyhich the ~"o speakers 

arc different people and (b) another in which the two speakers are the same 

person. The index c will label the classes with c::r 0 corresponding to 

(0.) above and c=l corresponding to (b). 

The classcs arc described by probability dens~ties i~ the 2F-dimensional 

X-space, namely, 

(3) p(x\c); c = o)i. 

7.9 
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The §. pr:b.2E! probl?-bili ties of the e:Kistence of the classes a.:t'e 

(4) p(c), c=O,l • 

Since, in the c=O clpss the k d''(> ." spea ers are :t,d'crcnt people, it follows that 
here Xl and x2 are sta:bi3tical1y 5.ndependent, i.e.) 

where p(xs ) is the probability density of 

of P(Xs ) is independent of the value of. s. 

x , s s = 1,2. The func't:tono,l form 

On the other hand, in the case of the c=l class the t-vro speo..lcero 

are the same person; thus, their utterances are not stlltisticcl.lly independerrb. 

Thus we must now write 

(6) P(X/l) .:: P(xl )?(x2 )Q(:-:l,A2) wlIel'C the function Q(x
l

.x2 ) eX);lrcsses 

the statistical dependendence effects. If \-Te had Q = 1, then the <!o.sc of 

sta'bistical independence i{ould be regained. 

gives the 

It is clear that ihtegrllting either class p~oba.bility density on x 
'1 

following result 

~rP(xle) = p(x2 Ie) 

where axl is the appropriate differential volume element in Xl-space. :en 
the caf;>e of c = 0, the above relation folJ.ovTs directly from (5). In the cc~se 

of c = 1, this relati-;)11 folloivs from the fact that in the caSe of an isolated 

speaker the me>aning of class disappears. The relation ('7) is also valid 

when Xl and x2 arc interchanged. From ('r) it folloifS that the mean of a, 

function f(X2 ) in class 0 or 1 reduces to 

(8) E(:r("2) Ie) = jxl~ f(X2)P(x 10) 

Jldx2 f("2)P("2) = Ef(x2)· 

In pro.'ticulm', the tiW classes have the sarr.e moo:>...· x i 't>.. In .;; ..... ~n -space,) • e ., £J.h.. 

fact any function that is composed of a sum of functions of Xl or x
2 

i·rill have 

7.10 
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It is only fun t' 
c lons'not decomposable 

mean values dependent on c. 
, 7'.2.1.3 A Plethora at' Distance Forms 

Since the distanCt! between tw t ' 
concept, 1 t a Se s, In general is a '11 a. P e hora of forms and t l~' 1 . ,n 1 ~defined 

e m1no ogles ha.ve . 
mefl.sures. For eXrunplo, Heisel (M " ansen to describe such 

_ " ' elsel, 1972) describ 13 
non exlJaustl ve survey undQ'V> th . es forms in a decidely 

,.J. e tl'Ue "gualit 
at 'I;he presellt state-of-the-art l' Y measures. II The facts are clear' 
-4 ) se eci;lon of an p , . 
t,/ect:l. ve and hiGhly intuit' a. proprla te metric is a sub-

1 1 va process 11hich re ui' 
the data. and itera.tive e'" lu ti g l: es careful eXamination of 

, ... \ U on. The P' . 
Itept at the forefront d . a1l'1Vlse structure of SASIS must be 

1.1X'lng the metric de"i 
fur'Lher, not only the metric form but th 0;> gn process. To complicate matteX's 
va i f e methods of comp , 

r ous orms a.:re sUbjeciii ve. A ar1ng the SUccess of 
t 'J ccordinaly) an,}" solutio' " 

q'l;> 'illlo.l 111 :jhc 8ellSt: V'la:' 1 )i.r • n 1S defl nl tely sub-
.. lo ~., e.L' err o~' '''ate . tl t ...... s are atta:' hl 

10.' conOerva.tive decisi '" d . J.na e. These facts impl 
on... m~ e iVl th the aid of th . Y 

be very conserva.tive intel''I"lret t' e SASIS system l11ay, in fact, 
J: a. lOllS of the data. 

The discussion below' outl'1\1es 
d1stmlce ~ the ra.tionale Used to select the , .. am::. which were investigated. 

7.2.1.3.1 Local Distance Forms 

Figure 7 -6 S.rioivs t 
lola hypothesized Sheet-like 

Pa.il'W:i.se cOmparisons. distributions and their 

I , 
I , 
I 
I 
I 
I 
X 

• 
• " x I' x r 
I J :x:-' \ I 

JC 't I 
~ . 

Figure 7-6 
Sheet Diotriblttiono 
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• 
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( 

Fi ve of the pairi.,ise l!.uclidean distance axe cluGtered in a. 10i., range o.nd 

two a:ce cons:id erabl:'t higher. For this s truC'ture J. t is alear tl1at a local 

distance measure is of more interest than a globtll distance measure ,.,hich 

would allow the 'LifO large distances to dominate. The use of such local 

distance meaSUl'es ifhich concentrate D,tten'cion on local proper'ties at the 

expense of global properties is '1ell supported in the 1i tera:ture (see, e. g. , 

Andre"Ts, 1972). The local form is a.lso obta.ined by measurine the distance 

be'L-ween ti-lO sets as a function of the difference of the potential fUnctions 

(or probability den~,ity functions) inducecl by those sets. For example, 

consider using the points in each set of Figure 7-6 to obtain the est:i.mates 

p(r/class 1) and p(f/cl~ss 2) in the Parzen sense: (e,g., by superimpocing .... 
the effe~ts of Gaussia.n puffb~lls, of an appropriate size, a~ound each point). 

One measure of the difference be'tween the claoses is~+ (Patrick-Fisch!!:r, 19(9) 

d
2

( class 1, class 2) = rrp( class lJP(f/cJ.u.ss 1) - 1>( ulasB 2)~(:f/cluG" 2) 1J
2 

elf. 
"L ' 

By substituting Parzen estim::l.teo for the probabili ~iY densities (Parzen, 1962; 

, Murthy, 1966) and specifically usinG' the nOrr;l~\J. form) this mo.y be rC,\-11'ittcn as 

d2 (class 1, class 2).= 

..... 
• 

-----------------------------

nl n2 1,2 
- 2 E E C 

1 l :r s r= . s= 

·Xl.ro avoid numerical difficulties:in high dimensional spaces Meisel (Meisel, 1971) 

points out the integration should be performed only over regions .oi' f space 

where da.ta. po:i,nts from each class exiot. 



where 

and 

n~ ::: no. of points in class 1 

02 ~ no. of points in class 2 

Ca,K = PclK 1 [ .::l- Iw (XO: - If) 12 J exp 
r s nallK Y21To' 402 r s. 

p = 1 
apriori probability of class 1 

P2 = e.priori probability of class 2 

a = a 'choice' parameter use~l for smoothing the result 

(e,r. to 'tune' how large a distance can be before it is called 

f large enough' 

W ::: is a weight matrix 

'fhis i'orm gives a measure of the distance between two classes each consisting 

of 1 or more points. AlJ. 'large I (with respect to the 'choice' parameter, or 

'time constnat', cr) Euclidean distances give approximately the se..me effect 

I ' 
because of the exponential form, sub~ect, of course) to the weighting (i.e. 

insignifica,11t compop.ents don It effect the result at all). The asymptotic 

behavior is ir.teresting: if cr becomes large, d becomes a difference between 

inter and intra class distances; if (J becomes small, an optimum Ii exist.s which 

maximizes the minimum inter-class distances while minimizing the minimum intra-

class distnnces.* The form may be viewed as saturating with respect to the 

Euclidean: 

-)i·The dis"\::>'>..l1ce between any two points in the form suggested by Meisel (See Footnote 

page (7-1<:; is influenced by all other points in each class --: i.e . .for this case, 

the distance 'is not only a property of points al1d space but also of the distribution 

of the population of sE'.mples in that space. The desirability of this property is 

questionable. 

7.1Q 

Figure 7-7 

This structure was or.iginally derived to perform a dimensionality 

reduction for feature selection under certain constraints. The discussion 

above is present-ed simply to sho'., that the local distance form is sueeested 

by several avenues of thought. In fact ~ the argument based on measuring 

distances between two sets is not appropriate for SASIS because it explicitly 

alloi.,s and takes into account cross comparisons, i.e.; instead of conal dering 

the Eaired pO:i.nts as shmID. in Figure (7-4) above, it considers the primary 

observations as each belonging to a class. This viewpoint tacitly assumes 

that the feature data of SASIS is to be ii1terpreted as performing a speaker 

identification (i.e., a standard M class categorization problem, where M is 

the number ot' speakers), rather than a verification/rejection of speakers 

considered in pairs. The former view'point lea.ds to conside!ation of confusion 

matrices ,vhich, though they provide intel'esting and useful characterization 

of the data, are not appropriate for the SASIS system. Of course, the fact 

that a local distance measure form may be derived using an inappropriate line 

of reasoning does not, in itself., imply the local distance fOl~ is not appropriate. 

, th 1 1 d.i t .porm sufficient to In fact, we judged the arguments in favor of • e OGa s ance .l. 

include it in the investigation described be 10''1' • 

7.14 



7.2.1.3.2 Discriminant Function Forms 

Consider 

R = ~ 
ie:I 

where ~ is a. normalized summation over the allowable pairs of points ieI 

(Xi' Yi)' 
Ij 

d- an arbitrary distance measure, F a functional on (x, YJ 
I 

to be tabulated on intraclass and interclass data yielding Ro and Rl 

respectively. (Intraclass: xi and yiknown to be from the; same speaker 

Interclass: x. and y.known to be from different speakers). 
J. J. 

Ro 
Suppose F is chosen t.o minimize R

l
• This is a w'ell posed, though com-

putationally prohibitive, problem in the calculus of variations irameiwrk. 

Further, suppose J!' t~ be restricted to be linear, say a matrix W, d to be 

'the Euclid.ean distance and consider the formulation 

I I W x. - IV y. I' 12 J. ; J. 

subject to R + Rl = constant. 
o I . 

The solution, via I,agrangian multipliers, is of the form 

w. eM] = A< W. 
J J J 

where M is a matrix defined from the data. The optimum
l 
is found to occur 

when all Aj correspond. to the maximurq. eigenvalue and, all I'T. correspond to 
, I ; • J 

the same eigenvector. This corresponds to a transformation into a one-
, .. 

dimensional space and this one dimensional line is usually viewed as a 

discriminant function. (Fisher, Maholan6bis) Clearly, if the symmetric 
i 

ja 
r~ , 

intersecting sheet distributions shown in F~gure 7-6 are representativ~~ 

this optimization procedure is relatively worthless. However, for a large 

set of distributions this structure has found wide use and it was chosen as 

the second form to be examined. 

7.2.1.3.2.1 De:r'i vation from a Likelihood Ratio 

For the sake of: simplicity, we first consider the case in which 

only one feature is available, i.e., F = 1. Now Xl and x
2 

are scalars 

and x is a 2-climensional vector. 

To get a better insight into the nature of the problem, let us 

first investigate the ideal situation J.·n whJ.·ch the probability densities 

p(x/o) ana. P(x/l) are Gaussian. From the relation (8) of Section 7.2.1.2.2 

we deduce 

E(X1/d) = ~(x2/c) = ~ (1) 

(2) E ( fuel) 
2 

/ c) = E ( ~x2 ) 2 
/ c) = 0 2 

in which 

M·) = (.) - E(') • 

In the case of cross-correlations , 
E(6xl 6x2/O) = 0 

E(6xl 6X2/1) = 02y 

we get 

'Hhere y is the correlation coeffJ.· cJ.· p_nt associated vrith different utterances 

from the same nerson. Based un th b ~ ,t:"on e a ove results, the Gaussian probability 

densities are 

7.16 
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-- --- --~------------..,.., 

(6) 
[ 

'1 ( . 2 
- '2d2 . (Xl - 11) 

'.} 

I 
It can be eaoily verified that integration on xl yields Gaussian densities on 

~ ·that are independent of' c, namely, 

(8) 

Clearly) Xl and x2 can be interchnnged in the last result. 

It is perhe.ps easier to visualize the geometrical nature of.' 

P(x/l) end p(x/o) if the coordinate axes are ro-cated 1~5° af'ter translation 

to a. new origin at (\.1,1-l). To this end ,o(e define the new coordinates 

1 
(~xl + ~X2) 1 

(xl + x2 - 21-l) 

\ 

\l =-- =-
(2 12 

(9) . 
1 

(~l - ~X2) l (x - X2 )· v=- := 
12 12 '1 

The \l axis is t·he .. line x
l
::'x2 and v axis is the line Xl + x2 :: 2\.1. The inverse 

relo:bions are 

(10) 

:: .l (u + v) 
12 

1 x
2 

... jJ= - (~t-v). 
~;.. 

! 
. j! 

-~~-------------------------------------

The Jacobian of the transformation from the coordinates system. (6..."'<1' !\x2 ). to., . 

the system (u) v) is eq,ual to unity .. 

I. 

In the new coordinate sys'cem 

(u) p(x/o) 1 
(_ u

2

2
:/) :: exp 

21TO'
2 ;:. 

! 
P(x/l) 

1 
2 2 u v 

(12) 

(- 2rl -y)) _. exp 
27fO'

2 (1 _ y'2)1/2 (1 +y) 20'2 (1 

The probability isodensity contours for p(x/O) are circles cer.tered at 

(0,0) in the (u, v) 

system. ~~e circle 

radius eq,ual to cr. 

coordinate system or at (1-l,1-l) in the (Xl' x2 ).coordinate 

corresponding to p(x/O)/P (x/D) ~ exp (- 1) has a max 2 

On the other hand, the probability isodensi ty contours 

for P(x/l) are similar ellipses cente~ed at (0,0) in the (u, v) coordinate 

system. as was the case 'With the circular contours. The common major axis 

coincides with the u-ax'is (i.e OJ the line Xl = x2 ) and the common minor axis 

coincides with the v-axis (i.e., the line Xl + x2 = 2)..1). The ellipse corresl?onding 

to P(x/l)!Pma.x(X/l) ':: exp (- ~) has a semi-major a.xis of' length 0' (1 +,),)1/
2 

and. a semi-miilOr a.·ds of' length 0' (1_1')1/2. The geome~ry is illustrated in 

Figure 7-8. 
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Class 0 

Class 1 

Fieure 7-8 Classes in Pair Space 

The likelihood function nm.,. takes the form 

(13) 

= P(x/l) 
p(x/O) 

where D(x) is the discriminant function defined by 

(14) 

The optimal classification decision using any of a certain wide class of 

loss functions is given by the rule that 

(15) Q > e ~ ~1ass 1 

and 

(16) Q < e => class 0 

where 8 is a threshold value dependent upon the loss fundiion and the ~ priori 

probabilities p( c), c = 0, l. Since an equivalent rule can be obtained in 

terms of similar inequalities involving the discriminantfunction D(x), it 

follows that D(x) is optimal. Thus , it is an optimally significant distance 

or pseudo-distance measure. 

The constant D contours are a family of hyperbolas with the 
. 

asymptotes given by the relations 

and 
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! 
The value D = 0, corresponds~ of course, to the asymptotes themselves. 

The contours for which D > 0 lie to the northwest and southeast of the 

asymptotes corresponding to Q < (1 - y2)-1/2, i.e. corresponcling to 

increased probability that x belongs '!:io class O. The contours for vThich 

D < 0 lie to the northeast and south1-rest of the asymptotes corresponding 

to Q > (1 - y2) -1/2, i.e. corresponding to increased probability that x 

belongs to cJass 1. (see Figure 7-9). 

In the limit in which the utterances of the same person are 

perfectJ.y corr-elated, ~.e., y = 1, we obtain 

I I 

n(x) 

(20) L 
in vrhich case D(x) is the square of the distance between Xl and x2 ., Here 

the asymptotes are deeenerate, i.e., they are coincident with the line 

In the opposite limit in which the different utterances of the same 

person are completely uncorrelated we obtain 

(21) D(x) = -2(xl - ~)(x2 - ~) 

Here the asymptotes are coincident with the Xl and ;:(2 axes if the origin were 

translated to the common mean EXl = EX2 = ~. 
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7.2.1r3.2.2 Fisher Discriminant 

We turn now to the consideration of another type of discriminant 

not requiring prior Imow'ledge of probability densities in x-space. This is 

the Fifiher (or Mahalal1obis) discriminant function whi ch is de fined as follow·s. 

Let us conoid.e!' a vector z whose components are linearly independent functions 

of x. Let us introduce the operator 

(1) SE(') = E(-/O) - E(·jO), 

giving the difference of the class means, end the matrix 

c = p(o) Cov (z/o) + pel) Cov(z/l). 

The Ficher discriminant is defined by 

( ) ,/, T C-l 3 't' = SFJz z, 

A measure of the separability performance of is the following ratio of 

interclass to intraclass variations. 

(1(. ) F = (SEcp)2 
p(O) Var(cp/O) + P(l) Var(~/l) 

i.e., the so-called F-ratio. A straightforward calculation yields the 

.reduced form 

F = liE T 0-1 SE 
Z z 

which is the Mllhalanobis distance. 

. . 

\ 
I 

I 
I 

I It will be uspful lio. decompose z ill the followi,ng manner 

(6) z = (.:~~)) 
( -) z 

where the components of the subvector z (+) are functions of 

that are invariant to the interchange x, : x2 and where the components of 

the subvector z (-) are functions that reverse s,ign with this interchange. 

It is easily established that 

( 8) 8E (-) = 0 
z ' 

(-2~~~~~~ __ ~__ ) 
C = I ( ) 

I --ole 

and 

Thus, the Fisher discriminant reduces to 

(10) 

(+) • 
z ' 



which is the diccriminant function we would have obtained if we had start,ed 

out with Z ( ... ) in place of z. This result is independent of the dimensionality 

of z ond the i\mctions of x comprisi!1g its components. 
, . 

Since the probability densities p(ilo) and P(x/l) t determined by 

empirical means, are Gaussian to a good degree of approximation, it follows 

that limiting the components of z to Quadratic functions of 

6:x. = x.. - II 1 . .L • 

(11) 

will not lead to a. significant degrade.tion of performance of the Fisher 

dis criminan'c • 

Based upon the a"bove considerations it follows that i,n the present 

case (i.e., two spealterG but a given triad, given phonetic even'\;, given 
I , 

feature and, finally, only one sample per speaker) the vector z must be 

three-dimcnsiono.l with the two-dimensional 

(12) 

and the scalar 

(13) z ( -) = 

as subvectors. It is clear that o.n equivalent form of z(+) may be obtained by 

lnUltiplying the r.h. side of (12) by a nonsingular constant matrix. Obviously, 

an equivalent form of z(-) con be obtained trivially by multiplying the r.h. 

side of (13) by a constant factor. 

We now obtain ... 

(14) 

defining (now In thout the' Gaussian assumption) 

and 

(16) 

. 'The matrix C ( ++) is given by 

where in the Gaussian approximation 

(18) + C:
4 

:4) 
COy (z 10) = 

( 401, t) 

4,,4'1 ) COY (z + /1) 
(1 + y~) 

= 

4c/fy 0'4 (1 + y2) 



The Gau~sicn approximation for C will not caUse s,ignificant error 

in the Fisher discriminant. We now obtain. 

(20) 
-1 'j -l~. ( (1 + P ( 1)y2) . 

C = (DetC) cr 

\~P(l)y 

vThere 

The discriminant is then 

t 

The following lim~ting ~ases are of in~erest: 

( a) p(o) = 1, pel) = 0 ., 

(b) p( 0) = 0 p( 1) = 1 

(24) 

;i 
! 

;t 
! 

~." 
~j 

~~~_)~ _____ y~=~l~' ____ _ 

(d) 

(26) 

(e) 

y = a 

Lim y-1 $ = _0-2 ~XI ~2 

Y + o. 

p(o) = 0, pel) = 1, Y = 1 

Lim P ( 0) cp = cr -2 (llx
1 

_ ~x2) 2 = 0 -2 {xl - x2 ) 
2 

, 

p(o) ->- a 

i " 

Thus', vre see that a IOvT correlation coefficient and/or a low probability 

pel) favors a discriminant proportional to llXl ~x2'. On the other hand) a 

high probability pel) (~l) ~ a high correlation coefficient (y ~l) favor 

a discriminant proportional to (xl - x2 )2, the Euclidean distance. 

These res~ts are to be contrasted with those in Section (7.2.1.3.2.1) 

associated with the likelihood ratio under the assumption that D(x/O) and 

n(x/l) are Gaussian. There we obtained the discriminant 

In this treatment the ~ priori probabilities do not enter into the dicriminant 

, I 



itself but only into the threshold value used in the decision process, assuming 

that this is to be carried out. This is an important difference between the 

Fisher discriminant ¢ and the discriminant D(x) based upon the likelihood 

ratio. However, the dependence on y in ~ and D are somewhat similar except that 

for «1> to behave like D as y approaches 1,1'(1) must also" approach 1. 

We can show that cjl and D are identical, e):cept for a constant factor, 

if we set 

pel) = _1_ 
2 _ y2 ? 

a relation tllat summarizes in quantitative form the qualitative remarks above. 
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7.2 .2 

I 

Distance Measure Forms Investigated 

Table 7-1 shows nine distan~e forms invest,igated •. The global/ 

h ' , th 'I> rm 1 e-ri" ( ), wh1.' ch m<>'\}" b, e aroproximated local forms were c osen,1.n e ~o - .~~ ~ ~ . 
by the curves shown in Figure 7-13." Only curve (1) was used. 

d 2 = 
1 

~2 ::; 

d 2 = 
3 

d
2 

4 

Table 7-1 

Distance Forms Considered Per Triad Pair 

1: W.
2 (Xi - Yi)2 . 

' I 1. l.E 

weighted Euclidean 

2 
E (x. - y.) 

iEI 
1. 1. 

uniform Euclidean 

E gi \<xi - Yi t \ 
ie:I 

, local 

where gi I Z \ = ,\Bi (2.5 cri), 

Z , 

Z > 2..5 cr. 
-' , 1. 

global 

Z > 2.5 cr,. - 1. 

Z<2.5<;i 

\1 l __________________________________ ~ ______ _ . 
<0'; 



-------------------------------

.~ do.t, a, cc1:L t(~d forms --
d :2 
5 

I'\J d :2 
1 

d :2 
6 '\J d :2 

1 

d :2 
7 

I'\J d :2 
1 

discriminnnt f~ 

d8 
.. r. Wi di 

where d. 
~ 

and W. 
~ 

d
9 

:: r. w. Z. 
~ ~ 

where Z. 
~ 

w. 
~ 

:: 

:: 

except drop minimum per speaker comparison 

except drop maximum per speaker comparison 

except drop minimum & maximum per speaker comparison 

( X -y .)2. d :: Aver. d. over matching triad pairs 
ii' i ~ 

)-' [E(di/intra)-E(di/inter)J Val' (di/inter _. 

:: ~ Aver (x:+ Yi ) 
triads ~ 
speakers 

= Aver. Z. over matching triad pairs 
~ 

- rE(zi/intra) -E(Zi/inter)] var(Zi/1nter)-1 
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Effect of Number of Tokens (Triad Pairs) per Event 

The distance per event is determined from the total number of 

triad pair distences per event. No distinction is made between the parallE~l 

end the concatenated viewpoint for handli~g the' additional data which results 

from sen'bence repetitions or event repetitions. Hence, the data upon which 

a distance per event is based is illustrated in Figure 7-14. 

, I 
(a) d2 fllom a single triad pair 

Figure 7-14 

LJ 11111 1,1 
(b) d2 from 10 triad pairs 

The viewpoin'c token is one which regards FigUl'e 7-14b as data from which to 

form an estimate of the "truetldistance, d, ,.,hich is regarded as a random variable. 

Forms considered for moking the results of (a) and (b) comparable are: 

(1) Since an average is an unbiased, consistent estimate, average 

the entries in (b) and associate three additional parameters 

with the result: 

(a) number of triads averaged 

(b) max d2 - min d2 (range) 

(c) s. d. of the d
2 

entries. 

This triplet may be appended to the dista...'1ce mea.sure. 

(2) select the min and max d2 to characterize the event distance 

(WOl:'st case bounds). 

(3) use (1) if (12 is s1.lfficiently 1mr, or (2) if (12 is sifficiently 

high. 

7·33 

i I 

~I 
-~ 

These forms were examined initially to avoid conjecture on whether stralf 

large token distances from the' same speaker' pairs or str8lf small token 

distances from differen'c speakers pairs are more likely to occur. The latter 

is the case. Form (1) is used in the following without the' appended triplet. 

The statistical justification for this structl.lre has been discussed in 

Section 4.3.2. 
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Comparison--Me.,thods and Results 
Evaluation and 

't is necessary to 
compare various metric forms, A 

In' order to 11 Although 
"tneasures of the measure. 

or more figures of merit or 
define one quantitative1Yt they must be 

be, and are, made 
these figureS of merit may f ror probab-

sp ecific measure 0 er , 
1 For example~ a 

interpreted qua1i~ative y. . b t since 
" 1 ertainly is quant~tative, u 

ility for a specific decision ru e c 
of the final error probability, 

(
1) the desired goal iLl the minimization 

b b'~ity does not guarantee 
intermediate error pro a A 

and (2) m'1.nimization of an , 

this goal, even this spec 
t be broadly interpreted, with the 

ific measure mus 
The concepts discussed 

nu~~11ary data as is reasonable. 
nid of as much "" r.. ... 

h these facts in mind. 
belOW were applied wit 

F-Rc.'l tios 

Figur", 7-15 depicts b~tweon compar.able triad pairs, 
distances -

1;'1ithin 0. s:i.ng1e phonetic event, 
which results from a hypothetical comparison 

1 f or the first speaker pair 
'For examp et 

comparison 

of throe pairs of spcal,e.rs. 
ave.Lage is sho\m as A1 and whose 

five triad pair distances whose 
, distances for the second 

Similarly the six triad pal.r 
there arc speaker 

The variance is Vl' 
. ld A V and the pair comparison Yl.e 2' 2 

five from the third yield A3, V3' 

-ages and the the variance of the aVOI , 

F ' 7 15 These definitions ic t "rms average of the averages, 
mncmon~· , 

sho,'1U in l.gure - • 
of the vari~nces are defined as 

average 
kno'wn to be the same people 

tol for spcaker pairs 
mny bc cOlnputed ~se.ptl:ra ~ Y 1 

knmm to be different pE~Op e 
and for spe~\ke.r pairs . 

(the intraspe,nl<.er case), 
as :l.s sho,ffi schematically ~n Figure 7-16. Two 

(t:l~c intcrspeal<.er case) t 

intuitively attractiV7 F-ratios 

to explore various values for a , 

~re also defined: in Figure 7-16. Their use 

is also shown chresholded distance measure 

fT'.~0 additional F-like ra tios 
in F:i.gure 7-17. .1,~ 

1 defJ.'ned in Figure 7-17. are a so 

7.35 
-j iHf 

\ 

~ 
•. ? 

J 

These auxiliary definitions attempt to relate the distribution of the variance 

to the F-ratio's attempt to measure spread. They are not properly normalized 

and were not p'ursued, The peaking of both F2 and F4 in Figure 7-19 as a 

function of the threshold parameter illustrates the use of these ratios to 

optimize a local distance measure. A refinement of the peak is sho~V!l in Figure 

7-18. This technique, also, was not pursued for the follo~"ing reason. 

lfuile the F-ratio does g,ive a quantitative measure of the spread bett'1een the 

intraspeaker and interspeaker distribution, the variances on which it depends 

are heavily influenced by points in the widely separated tails of the distribu-

tions. Hence, "optimal" peaks, like the one sho~m in Figure 3, are most like>.ly 

the result of changes made to the tails and these are not of any particular 

interest for the SASIS application. Hence, metric comparison based solely on 

F-rat:io type* figures of merit is likely to be misleading. Ho\vcver, given 

either similar variances or £!:!," points in the. tails of the distributions, 'the 

F-ratio comparisons are useful. Table 7-2 sho,,,s F-ratios for the last three 

distance measures of the preceding section. The differences are not large. 
I 

They ,."ill be discussed further in the next section. Tables 7-3 and 7-4 

present the average of the averages (AA) and the average standard deViation 

(ASD), defined in Figure 7-16 fo~ all 14 events for metric dl and d7, respect

ively. Consider the histogram of the number of speaker pairs having a given 

number of valid triad pairs per ev~nt, These speaker pairs in the lower and 

upper half of this distribution are averaged and listed separately. Table 7-5 

summarizes both halves for d7, 

.,~ The F-ratio may be modified, of course, so that, for example, a "pseudo
variancell is defined '''hich is insensitive to outlying points. Certain such 
modifications were examined. They seem to introduce as r.:.::.~n;y difficulties as 
they solve and they ,.,ere a~oandoned in favor of the approach outlined in the 
next section. 
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ff1>ea.kcr-pair 

IlO( • - V1 ----'l,... metric 

6 triad pn:l.:t' 
d:i.oto.nccn 
;Crom oocond 
speaker-pul.r 

A3 

metric 
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VA 

Defini tion of terms: 

M - ave. ave. = avcl'age CAl' A2 , A
3

) 
VA ... val'. ave. =: val'. CAl' A2, A

3
) 

AV - ave. '!far. = average (V
1

, V
2

, V
3

) 

li'igure 7-15 

7.37 

Components 

Schematic interpretation of the F-ratios: 

F . = (M i,ntra - Minter )2 
2 1AV intra + AV inter) 

AA intra - M inter)2 
F4. = VA intra + VA inter) 

Figure 7-16 

of AV. t J.n er 
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:(t) 
, . ~ . 

Event D7 D8 
(F2 F4 :&14 F4 

20 2.8 1.9 1.9 1.7 
,.. ., 

21 2.8 1.9 1.9 1.3 

22 2.5 1.6 .1 .1 

23 4.'-1· 2.3 2·9 2.5 

24 2.8 2.8 1.4 1.9 

25 2.0 2.6 .2.4 3.3 

26 2.2 2.1 1.9 2.4 

2"( 2.7 2.2 1.7 2.1 

28 2.5 1.8 1.0 2.2 

29 ':.0 1·9 .05 .1 

ffJ> 30 !~. 2 3·9 .3 .5 

31 2.2 2.1 2.2 2.8 
\ 

t~1 .. 32 2.3 3.1 1.9 2.2 Q 
-x. 

!~. 8 33 ·9 

• 

Table 7-2 

F-Ratios for Selected Distance 
. Measures 

I .* . , 
insuffio:i.ent data (Data Base I) 

7.ltl 
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"False Incr~.m1ntltion" Arbitrary 
decision 
point 

"False Exoneration" 

l~rGunE 7-19 (a) • UlTRA SPEAKER M1J INTER SPEAKER NORNALIZED HISTOGRAMS 

I I 

El 
1.0 

lo'IGURE 7··1S(b). SOC <.§.ASIS .Ql?ERATING QHARACTERISTIC) 

------~~ ~-~- - ~ -- -

i 

7.2.3.2 Operating Characteristic Curves for SASrS (SOC) 

Figure 7-19 (a) sho,<1s hypothetical intraspeaker and interspeaker 

normalized histograms for one event. If an arbitrary decision point ,.;rere 

chosen, the resulting false exoneration pl'obability E1 and false incrimnation 

probably E2 is shown graphically. The result of plotting El versus '';;; as the 

arbitrary decision point traverses the entire range of the distance measure is n 

"characteristic" function or curve which describes the overlap region of the. 

histograms. An example is shown in Figure 7-19 (b). The term ~ (SASIS 

~erating Characteristic) has been coined to denote this curve. It describes 

precisely that informa,tion which is of most use to SASIS. Since it is self 

normalizing and invariant to arbitrary non-linear distortions of the distance 

axis, it permits a ready comparison of the effects of the various distance 

measures on the overlap of the'intraspeaker and inter speaker histogrnms. Its 

use for comparing various metrics is 1 of ('.ouLse, sll]::lj ac.t to th(;, qualification 

that the overlap of inte~est is not that sho,Vt). on Figure 7-19(a)., Le., 

for a sing~ event, but that for a concatenation of events viewed through a 

yet-to-be-defined similarity measure. Hence, selection of a distance measure 

which is optimal by SOC comparison criteria is not necessarily the optimal 

overall solution. We maintain, ho~.,ever, that it is an eminently reasonable. 

solution. 

Figure 7-20 presents a summary of SOC comparison~\ made for all 14 " 

phonetic events for the first seven distance measures listed in Table 7-1 

above.+ The ideal no-overlap condition is represented by the tHO axes. If 

the curves cross, a subj ective judgment must be made*. Part (a) ofF'igure 7-20 , 

+The complete set of curves is given in Appendix 7-A. 

*Of course~ this may be made qua)lti.tp, tiyely ~ for example, defining as an 

auxiliary figure of merit, e.g., the area under the SOC curve. This has not 

been done since· the use of the SOC curve is already n qualitative comparison. 

7.46 • I 



(11) 

(c) 

(c) 

~ /p. 
) \1 
t>z~ 

(8) 

l._, ~-
.. 

(f) 
Dis~l~ ~cEption 

7 1,n 
.... f 

1. Weighted Euclidean 
2. Uniform Euclidean 
3. Local 
4. Global 
5. Drop minimum 
6. Drop maximuM 
7 • Dr op maximum & minimum 

sho~vs that a properly weighted Euclidean measure is, in general, superior 

to a uniformly weighted m(aasure, as would be e.-.::pected. Part (b) of the 

figure shows that the local measur~ d3 is always significantly better than 

the global measure d4 , while part (e) shows that the weighted Euclidean form 

is superior to the local measure d3• Hence, the conjectures of section 

7.2.1.3,1 above are not supported by this data and the non-local form of 

distance measure is preferable when the SOC curves are used as a figure of 

merit, The motivation for the data-editing fOl:ms dS) d6 ) and d
7 

is the 

intuitive reasoning that outliers" on any statistical distribution which may 

be viewed as a superposition of a "true" popUlation and additive noise ~.,rith a. 

larger variance, may significantly distort the sample and may be eliminated by a 

non-linear data discarding process. 

Parts (c) and (d) of Figure 7-20 show the effects of droppine 

the maximum and minimum triad-pair distance per speaker comparison. In 

general, dropping the mtnimum decreases E2 (which may be interpreted as the 
0', • , 

false incriminati.on rate) I without sffec ting El (the analygous false exoneration 

rate); while dropping the maximum decreases thl; El ivithout appreciably aff ecting 

1;:2' These effects are plausible since the largest percentage effect occurs 

in the overlapping tails of the distributions illustrated in Figure 7-l9(a). 

The combined effect of dropping the maximum and minimum is shown by d7 in 

Figure 7-20(g), It is not as intuitively clear, but apparently is true, that 

these effects are approximately additive, so tha,t d
7 

is appreciably better 

than dl ,· The data edited weighted Euclidean form d7 emerges as the metric 

chosen from these first seven measures. For these plots, the his tograms w'ere 

compiled from the triad pair distances without averaging over the distances 

available within a speaker pair comparison, Hence, the overlap bet'veen the 

interspeaker and intraspeakE~r histograms is a worst-case upper bound on the 

overlap to be expected when averaging is included. The overlap obtained 

represents the case where only single triad-pair distances are typically 



avt!ilnbla £ora phonetic cvr;"" ~ Foldout sheet Figure 7-21 repeats the curves 

f)UXf:.~:;;lrlzed by !~:teurc 7-20 (a) <.!lOd gives the same curves for the case where the 

h:tato:~ram(J arc computed by averaging over-all triad-pairs ava.Hable in data 

b:wa I. The Gcparatl.on decreases in all cases) as expected, but the superiority 

of d7 over d1 io no longer as claar. This point is discussed further below 

in fH!ction 7.2.4 after cons:r.dcration of met:rics da and d g, Foldout sheet 

F;f,r,ut'(! 7 ... 22 shoton; tha SOC curves for all the events* for distance measures d
S

' 

d? and d7• For these plots, the histograms associated with the distance measure 

d7 were obtailH!d by first: averaging over all triad-pair distances within each 

SP<'OlUll:'-PIl:f.l:' coulpar:Lson. The small triangles indicate a choice of the best 

oi the t.hre(~. As may be !,ecn, the differences are frequently small. If only 

ona f')l'ln is to be selected, hmvever) the choice must go to d7 because of the 

roclu:>r erratic behavior of da and d g for certain events (which may indicate 

a ccmoit:ivity to t.hiJ datu). If the. unaveraged curve.s fo~ d .. are substituted 
..l. 

f('lr the 07 in the figure, the conclusions drawn are not chnnged. 

*lw{'nt 33 ,.;our. not suf;('icit.'ntly l.·c.pre.~calted for Cut'VIlS for dSiind d g to be 

ohtained. 

~. ." 

• 

7.2.4 
Summary of Functional Form Selected 

As discussed above, distance form d
1

, the lvC!ighted Euclidean 

metric, is not the optimum measure when the 
SOC curves are USed as the figure 

of merit. How'ever, the differences between h · 

above alternatives are slight. 
t is m~asure and the best of the 

The data editing fqrltts have the Subjectively 

annoying characteristics of being inapplicable When the d"'ta is ',,-

discriminant function forms 
Q spars~. 

". 
The 

are apparently erratic over 

The global/local thresholding conjectures actually made 

"'., 

the data examined. 

the SOC curves worse. 
Hence, the upshot of this investigation is to confirm 

the utility of the 
generally used proper1,Y weighted Euclidean sum. 

There is no dOubt that 

superior measures are attainable, but none has been founo-d 
" w'hich D.re significantly 

and consistently better from the vie'Ypoint of the figures f 
o merit employed. 

Hence, we are lead to the following summary. 

For each event, there is a set of 30 f 
~dlures) Weights and norma liz-

ing factors of interest: 

A. 
Each feature value Fi is normalized t f 11 

0"41 within a byte 

F ' i 

where 
SDi and Fl.' are calculated from the tr"ir'ing 

for each feature. "" data and knotm a priori 

B. The distance bet t 
ween wo corresponding triads is the weighted 

Euclidean sum 
30 
E 1072 

• i==l i 
t 2 

- Fi2 ) 

where the Wi are kno,m a priori aud the Fill and F
i2

' h 
are t e normalized feature 

values from triads 1 and 2,respectively. 

C. 
All such distances available tY'ithin 

an event class are averaged 
to produce a distance for that 

event bnttveen speaker 1 and speaker t • ..:o. 

7.,52 
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1:'01' a e:tWJl'l phom~tic event cla.r:w, Q} the distallce bet~leen tv10 
Qrl(Jo'kur;:; ('f/ho rr.ttY' or may not 00 the r;U!!1(J pcroon) 10 demoted by d. For a 

e 
p'~rf;.1culnr o[,f:rat,1,()l'!tjl Gv:~h(;r comparicon, there are one or more phonetic 

event clrWL.(JG unt.l tliuir corrr.wpondinc diotancea, yielding a vector 

~/hOG(! (!{}~,'l!l'Jwmtn m'(! tho indi vldlt'll phonetic event diatallces which are present 

{1',h10 (:';1', in ttrJUot:ml by.d. )" '1!'nc o:l.m.ilr.trity moncure must accept this vector c 
t(; oi' tU mf.:m;:i.otl lho :1.0, and produce a quantitative meac\.U'e of simi1nri ty" 

bot1,:tcl~n tlw tHO GrH,.:al:lJl~O J \-1hich haG (a) t:;to.tiotical significanoe, and (b) an 

mult .. n:'GtuwhlJl Ii: :lntt.u,'protation. 

• ~,ll ideal :;:hnilm':l.ty mencure wott1.d satio:f'y the follmling criteria: 

(. u) It !lIu:::t 1)(: :lnnl~nuiti vo to oa.'npllng f'luctuo.tiono in the training 

OGt~, 1. o. , it r.ll'at have nlm.oGt the name value vthcn computed fOl' 

t~IO d'iff't.J!'0ni .. l'andO::l camplincn of the same l"3.rent population. 

(u) It mnut convm,'cn to a definite limit as the SiZCl of the training 

(c) It tlll1Gt be 0. coo(l mco.oure :i.n the case of low false incrim5.no.

t:ton pl'olJn'bil:l.ticn. (If it ia uoed as an investieative tool, 

t~hin itl lOGO important.) . 
(tl) It mtt,~i; llt.~ no froe of oubjccti vc clements as possible. 

(e) 'Ylml.t'vt.'l.' tmbjc(:t,,ivc clmucnts cxiot !Ill.wt be of a kind t1:la.t is 

\-11(l<::ty uccupt;o\l by \'lol'l:e:ra in info:rmo.tion sciences, in particUlar, 

mo.tlwmai,ical {j~;'~tiGtica. 

(:r) '1110 !iwth:lU:u mUGt be of such n nature that it can be used by the 

1ml {:ni\)l'CCml)ut ... CO!~illltUlity .. 

(g) 11~ tm.~t be (,K'..;';Y- to CO~lpute for a multiplicity of sets J of 
e 

l,hond:i.f.' ~w,,_nt:J uV"J.iJ.ablc :for comparioon purposes. 

; of 
, I 

t 

. " 

. . 
;', 

( .) 

Discussion of the Relative Merits of the Direct and Indirect Approaches 

7.3.2.1 Definitions 

For a specific vector d, of any given dimension :D.·om 1 to 10, there 

exists an exact probability density function i'lhich describes ito distribution 

over the t\-TO possible hypotheues: 

(1) !fue two speakers are, in fact, the same .. - an :i.ntl'a·.class 

distribution • 

(2) The t\iTO speakcN1 are 1 in fuct" diff'el'cnt _.. an intcl',-cluGt1 

d.istribution. 

For a. given dimensiona.lity i of d" there at'e (1f) subGets of phonetic even'ljo 

of ,"hich d l1lay be compri sed. Ttle followinij tahle gives the number 0:(' prol)o.b:i.li ty 

density functions H'hich, in prlnciple, e..xiot as a. function of the ntullber of' 

dimensions • 

For 10 distances bascd on phonetic event croups, thore ~l'e 1023 joint 

pro'babili ty den;:;i"t,y funu t..l.uLlb, /:J.b l:lhOim in Table rr .. 6. 

Table 7~6 

# J?robt.f.bili 'by 
# Dimensions Don a ity Example 

l!"unctions 

1 10 p(~) 

2 45 p( ,\,d2 ) 

3 120 p(,\,d2;d3) 

4 210 p(d4,d5;~,dlO) 
5 252 p(d2,d4~a6,d8,dlO) 
6 210 p( cs..·~d.2.;d3Jdl~?d5,d5) 
7 120 p(~'~Jd3;d5,d7,d8,d9) 
8 45 pC cs.., d2 , d31dl~' d5J d.6' d9 ,dlO ) 

9 10 p(~,d2,d3,d4,d6~~Jd8,d9ldlO) 
10 1 P(dl,d2,d3,d4,d5'U6,d7,dS'U9,d10) 



a1w~n tiuJ dicto.ncc vector d of dimension K between 1 and 10 (i.e., 

tl'Wr'f; nrc Y. F~t·t,;tml1a..t' event:; 'Pt'cccnt for a particula.r spea.l~er pair comparison), 

mllpl;1.r.t:~G OJ: tl'!J.n[;foX'::l.(J,t:t(,;m:; of d, into a ~.I;glur S, of the follovTing fOX'.i' have 
lnu:tl 1nvecf;~(!t).f,ljd: 

\-11lf.'X'f! "ii 1:] U (!()l/.uLtmt Vf!ctor of dime;nnion IC and B is a constant K oX K matrix. 

~19 lllf)t,iw4tlon:; J:w.' c!olw1<1c!'llt:ton of this class of transf.ormations comes from 
(I(lvel"nl dJ:r'(;c! U. em;; : 

(a) illwy o.re readily am(.mab1e to a.nalyois 

(1) thr,.lY m.'f] op,'t.,iol1fll \,Tith rr..lspect to figures of merit and 

funct1cm1l1 ;('C)l'lllD t-lhich arc ~·ridely U8ed in mathematical 

Gtu.t:i.nt:tc :;. 

( c) ·l.;lll.:Y l~un.fjono.li~ Dati eLy tho cr:i. toriu 0.C' Gt.:l.!G./. un A above 

(tt) UltJy l'Ol)l'CGcn.t 0. l.ogicG..l cxtcns:i.on of pronoun work 

Dl,GClln:)1.(lU 
..... .-~-.. --~ 
Gi Vtm n. compm'ico:n bct\1CCn t\V'o (',penkc!'G, which mayor may not be the 

tWI.l!l l'(·l·:.\.Il1.,1 t.lw Pl'OC;(~rW(i of K phonet.ic eVC:l1t ~laGses results in a distance 

Vt:l,:t.tW rr nl' ~H!.F.:h;~ivn r:" If the lo.bcUeu. deltu are from the same speaker) this 

11
011\1, 1., 'll1l.:J\hl;:{,t 'v:i1.h~ll 1..hu i11t:t'C-(.p~ul"C3' distrfbution; if they are' not, the' .. 

l'o.ild. :l.:~ .ha'ludu1 lllt.h:ln Uw ill'~Cr-Ol)Cal\Cr diGtribution clal.w. Hence, "Te have 

n. C1fl.i;llpi,t·l t,~.~~)-l.'JrWG prablt:m. The 1i' ... ratio of Fisher has frequently been used 

flO n i'11',m'l: (Ii' !:H't'lt Ol' (l~m1.:i.ty to judea the optime.lity of variou.s members of 

thl! \"I~L,;J lll' 11'nH.~1.\11'!:t~1.'l.lon \~iv£m a.bOVl\, Mro::imizution a:,' this ratio) which is 

t.ht} 1~~lU:~1·t.4 (\1' Uh} ;)\.1'~11·ai..ion ell' the tl10 claDS means) diVided by the sum of the 

Vu:dlnl\~t::; {~l~tHtt. 1:'",'1\ I."ln.:..w !ilf.::ml) yicldG a. projccti'Dn of the vector d into one 
i.Ur!wl1.;t Fa.. i. (l" # 

13 r:.; 0 

,(.57 

I' , , , 

) ( 

Ii 

where c-l is the inverse of a ~eighted sum of the cOval'iance matrices for 

each class. 

In addition to being optional ivith respect to this intuitively 

reasonable F-ratio criteria, this Fisher discriminant is optimal in the 

• decision theoretic sense if the distribution func.: bions oi the tHO classes 

are Gaussian (either with identical covariance ms:t!'ices or with a suit,able 

normalization before the discriminant is applied). 

A compara'ble justification of the complete quadratic form requires 

either a figure of merit or a distribution functional form for Which it is 

optimal. Since neither has been "ridely useQ,) 'rle simply defer to the resuJ:to 

belOW to i·ndicate the reasonableness of the consideration of the additional 

terms from the point of Viei., of improved pel'formance. 

Interpretation of the Statistics of Scalar' S 

Appendi~ 7-2 discusses five possible quantities which are relatable 

to i·rhatever scalar similari by measure Sis aeltK! Led. Tl'l.e one chosen is the 

likelihood ratio based on the probabili·ty distribution flIDctions 

1 - p.d.f.(d/intraclass) 

p. d. f. ("d/interclass) 

7.3.4~·esenta~ion and lliscussion of Experimental Results 

7.3.4.1 Linear Forms 

A series of experiments was conducted for the purpose of comparina 

the levels of performance of various c6.11o.idate similarity measures. The data 

employed in this experimentation cons isted of the extended edited "reighted 

Euclidean distance data described in Section 8.0 below. 

where a 

Three metric fo:r"ms were empirical1Y,)?,Xarnined! 
, ~~ "- ~6-~ 

(1) The Fisher linear discrLminant 

.S=aTd' 

T' = [E(d'/same speaker ) (-,'IT) different speaker class) ]C-l class -E ,~ 

7.58 
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, 
(2) The linear discriminant for the' case of the separating plane 

perpendicular to the vector cOIDlecting the class means (C=I) 

-T-S ::; a d 
I 

where a :::: BCd T/sClme speaker class) -E('d T/different speaker class) 

i 

( 3) The uni'forrn 'linear di scri.tninant 

s::::EiTcr 

~Therc aT:::: [1 1 .". 1 ] • 

'!he primary cri torion of performance used was total area of the SOC 

curve. For each of the three metrics above, 24 SOC curves !,oTere developed. 

'lWelve plots ,,'ere genera.ted by repeatedly defining the metric to be a function 

of the N hiehest ranked typeo of the SOC ranking, based on the distances of 

single phonetic events. The parameter N, therefore, ranged from 2 to 13 and 

the weight vector a recomputed for each value of N. In a similar manner, the 

remaining J2 curves resulted from the N lowest ranked ty·pes. 'l'he resulting 

three sets of DOC curves (F'igtlt'es 7-23 and 7-24) and plots of the error rate 

as a function of dimensionality at (1 = €2 (Figure 7-25) were qualitatively 
compared. 

It is apparent from the error rate plot that the rate of error at a 

given threshold is not necessarily a monot.onically decreasing function of 

d1.mcltcionality. In the case of the Fisher discriminant taken top dOl-Tn, the 

inclusion of events ranke<:l beloH eight on an independent SOC basis combined , 

with the effects of a non-Gaussian distribution caused an eventual degradation 

of sliehtly over 2~. The decrease in performance was not as significant in 

the co.tW of the iderltity covariance matrix and uniform linear metrics for the 
top dOI'lU series. 

Each of tho bottom up sories exhibited a very significant drop in 
\ 

er.t'or ::rate as c1imcnsional~ ty ,.,as increased from 2 to' 3 (inclusion of the /n/). 

InclusiOll of ,II\! resulting in a dimensionality of 11 effected a 3 to 5% decrease 

in error ::rate a.cross met~ics. It is important to note that tlle error rate at 

tEl:.': '2 is a ota'onc function of N for 1ml dimensionality, regardless of the 

mcia'ic utilized. For N =: 2, the difference in performance between the ImTest 

0.11(1 hi!JhQ~rt; l'i.:ml;.ed types is 8 to 9%. For N = 6, the dii'ference is 5 to 6% and 

.r,~,"t,' N ~ 10) 2 to 3~. 
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~ . ,,~ As judged by both the SOC curvet> and error rate ourves, the perfor- , 

mance of the identity matrix and linear uhiform metrics is essentially identical • 

This result is e)Cpected since little inter-type variation in d,istance exists on . 
either an intra- or inter-speaker basis. In comparing the Fisher with the 

identity and uniform metrics on the basis of the SOC curves alone, the former 

" possesses a slight superiority for dimensionalities less than eight, particularly 

in the top do~m case. ,For N > 8, the identity and uniform metrics exhibit 

considerable advantage over the Fisher for both the top down and bottom up series. 

At (1 == t;2 J the identity and unifoI'!ll lnetrics displayed a trend of superiority 

for N > 8 and at N == 2 in the bottom up case o In the top down series, the Fisher 

"laa superior for 3 :5 N :5 8 and i11ferior for N = 9 and 13. As th~re are several 

crossover poin'be in erro;r: rate ·l;',etl·reen the three metrics as the threshold is 

v!'l-riGd, error rates at t;l = 1:2 are not as useful for comparing the metrics as 

are SOC curves. 

Two factors are of interest in comparing the performance of the Fisher 

with l'espect to the identity and uniform forms. These 'are (1) the sh'ape of the 

cUstributions, and (2) the positions of thej,... tJleanR~Ap, (l.i!l1.'::>n~:i_onality inc:reases" 

the means of the intra- and inter-distributions will fall closer to the 45° axis 

in hyperspaccj thus, the identity matrix and uniform linear form will tend to 

improve in performance. On tlle other hand, the increasingly non-Gaussian 

nature of the distributions as dimensionality is increased will tend to twist 

the ]'isher vector to a position away from the !"5° axis vector to a more sub

optimum orientation. At 10\'1 dimensionality) the degradation from non-Gaussian 

distributions is outl'Teiglled by the shift of the distributions from the 45° axis. 

~"'hese statements concerning performance of the Fisher approach shOUld, 

be recarded only as hypotheses. Certainly, a more explicit statement of the 

properties of -the intra- and inter-distributions in 13 dimensions would be 

appropriate if readily available. Based on the results of this section) a 

decision Has made to use the Fisher metric, but \o1ith a suitable desensitization 

of the covarhmce matrix to reduce the degradation exper,ienced at higher 

dimensionality and dependency on tbe intrinsic characteristics of Data Base II. 

]1x:pel'imen'l:.ation involving desensitiza'tion is discussed in tne follo~.;ring section. 

'i 

-- -- -~--~-"~----------"""""=-""--="'-='-=""--'-

Dasensitization Study 

F'oI' the purposes of (1) reducil'lg the sensitivity and dependency of 

tp,e coefficients on pecul~3.ri ties or imbalances that may exist in the data 

base (II) used for coefficient generation, and (2) redu~ing the degradation 

in performance of the, F:lsher metric re18:ti -.,re to the identH,y and uniform .. 

metrics at greater dimensionality, the use of a desensitized version of the 

covariance ma'trix in the calculation of the Fisher coefficients was examined. 

Specifically, desensitization yTaS introduced by modification of the diagonal 

terms C .. , i :: 1, ••• , N, through the follmling function: 
, .:t:t 

, I 
C C + k'C 
ii = ii 

,.,here C .. is the autocovariance i;.enu from the original mB;trix for the ith 
:t:t ... 

event and C is, either the minimum or maximum of the diagonal terms of the 

original m.atrix. It should be noted that as k Is increased, eff~ctive1y 

the case of C :: I is approach~d. 

A series of experiments I·ras' performed on the extended Euclidean 

dist'anCe data of rata Base I \vi th the intent of selecting an appropriate 

degree of desensitization,. I Tae three phonetiC sets utilized \·rere (1) the 

.hi~est 5 types of the single event SOC ranking, (2) the highest 9 types of 

the ranking, and (3) the full set of 13 types. For each ~et, five SOC curves 

were generated (Figure 7-26). The fir;t Has the case of C = Cii(min) and 

k = 1.0. The remaining four Here for C = Cii(max) and k :: 0.1, 0.5, 10 0, 

and 10.0. 

Performance was found to be Cluite compatible with the. experimental 

results of the pre~"il)us section. For N = 5, the SOC curves deteriorated 

somewhat i'lith i'i: 1':3ing desellsitizationo In the case of N = 9.1 little change 

was observed and for N = 13, gradual itnprovemAnt \"as achieved excluding the 

result for k = 10.0. Using the overall performance, as judged by the SOC 

curves) of the three phonetic se'l:is for each of the five cases, the desensiti-

zation function was select~d to be 

P' 
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'7_3.4.3 Nonlinear Forms 

For the situation of Gaussian distributional forms for d in both the 

intr~- and inter-speaker cases, the linear form of S g~ven by 

-T -S = a d 

is optimum \-7ith rce;ard. to the criterion of Fisher F-ratio. As a limited means 

of gaining lmovrlcc1ge of the form of p.d.f.d, dei was plotted, in a de •. ,ity 

representation, as a function of de j for several phonetic types ei and e j on 

both an intra- and inter:",speal\.er basis. rrhe extend.ed weighted Euclidean 

frlstance data deocribed in Section 7.2 was used for these scatter plots 

(Figl1l'e'r -27). Visual obaervations suggest that the inter distributions are 

'vaguely though probably riot exactly Gaussian. Data for the intra situation 

was too lim~ted to be conclusive. 

It is of interest to determine the gain in speaker discrimination 

performance tha:b may be achieved, by 'the utilization of nonlinear forms as 

C;:t ven by E\itUJ.:b ion '(.1 (excluding forms of a qtAotient nature). Thus, a limi te'd 

empirical study was performed to determine the value of some simple nonlinear 

funcM.ons. Two phase I of experimentation were undertal'i:.en o The first involved 

computo.tion of the F_ratiosl for all products, quotients, and sU.'llS of the 

distances for t\-TO evt:'mts. 'E"le di:st.ances E!mployed \{ere the edited \'leighted 

Euclidean (extended) elata of various triacl tokens of the same phoneme type 

taken betrleen the 25 speakers of Data' Ba.SE~ I. 

Results, as initially judged by F~ratio, were found to be quite poor 

for quotientGj therefore, SOC curves \{ere not generated for this form. Froel.ucts, 

hmrever, indicated great~r speaker separability on a global basis. 

'D.100e products involving the events I u/ and I jl consistently achieved F-ratios'· ...... 

greater than found for combinations not containing eith~~ of these two types. 

'D.le F-ratios of uniform sums c'f tl{O events were also com~uted and found to be 

invariably higher than those of the prod.net for the same event paire 

As a menns of making a valid comparison of the tl-/'O on the basis of the local 

);)roperticG of inter- and intra-distribu'tions in the overlap ::-egion, SOC curves 

1 This P-ra,\:,io 1 as diotingl.lished from bhe Fisher F-ratio, h~s the traditional 

t of tlle var~ f.111ce 01" Ine~ns J>nd t'ne mean of variances. definition of the quotien- ~- ~~. 

.. 

! 1, .' 
/' .. 

, i 

, . 
;./ 

were plotted for the product~'3 and sums of the 12 event pairs Vlhich yielded 

the highest. F-ratio for products. The produ?t i'Tas judged to be sl..lpeJ:'ior for 

five pairs \'7hile, in the remaining seven cases, the curves '{ere too similar for 
a definitive'decisioJ .• 

No significant correspondence \{as found between F-ratio (global) and 

SOC curve (local) perf~rmance, i.e., those pairs possessing a higher F-ratio 

did not necessarily yield a more minimal SOC curve. 
t 

The second phase of experimentation involved overall distance functions 

consisting of the sum of linear and nonlinear terms. '1\'TO cases '{ere considered. 

The first metric is given as 

The nonlinear terms included are the six greatest of the F-ratio ranking for 

products. fuis metric \-Tas exercised on the extended vTeighted Euclidean data. 

Wi~h SOC curves as the criter~on (F4gure 7 28) l' ... ... -, per ormance was found to be 
improved over that achieved. by 

where a·possesses all unity elements (Fig. ~29). The, second metric processed 
was 

The four nonlinear terms appended ar>e those ranking seven through ten in the 

produ.ct F-ratio ranking. Performance for this metric \{as SOlllel-That degraded frOll 

that of the uniform!linear SQ~. 
I 

The results above indicate that the inclusion of appropriate nonlL~ear 

terms can provide additional speaker I separation beyond that attainable by a 

lin~~ar sum of dista...'1lces'. , However, because of the highly subjective nature of 

performing a suitable nonlinear form through empirical study, this task is 

i 
SOC curves ,{ere compared qualitatively on the basis of area. 
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beyond the Gcope of this vlork. Although the linear form selected is certainly 
) 

suboptimal" it is quite well matched to the problem ,structure, in vievT of the 

limited analytical exploration described above. The f~ct that the data became 

available laree1y at the end of this examination played a significant role in 

the poning of the hypotheses and the resulting procedure described above. 

SQ~ary or Similarity Measure Calculation for SASIS 

For each speaker comparison for which a similarity measure is to be . 
obtained, there are K event d.istances available, K = l.~~, 10. The similarity 

meaourc is a two step computation: 

where dt .. are the K distances 

both K and which K events arc 

and the a, are known,a pri9[f. The a, depend on 
J K KJ 

pre sent j henc e, there are E ( ) = 2:..'1 or for K = 10, e e=l 

1023 sets nf a j 18 , each set having K coef'ficientG, so the total number or /;:I. j lsi s 

Ij,' 
i [(~). 

j::::l J 

look up 

j J =: 2K 
.. \ 

2) Once em 

on one of the 

so for K = 10, there are 5120 coefficients~ 

S has l)ocn obtained, a likel:i.hood ratio A is found by table 

1023 sets of curves tabulated from the training data. 
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range of the abscissa is rO.O, 0.4760J 
and that of the ordinate is [0.0, 0.5287J. 

7·71 

I, 
:, 

, 
)\ 

.' , 

8.0 SYSTEM EVALUATION 

8.1 Introduction 

The de'si€?n, collection, labelling} editing and final content of 

Data Bases I, II, ~nd III have. been discussed in detail above. The develop

ment of the t'i'To-step distance and similarity measure whose func'l~ion is to 

generate a single random variable under a ivide variety of conditions and 

upon which the SASIS system is based has been carried o~t using Data Base I 

for formulation and. a random 75 speakers (of the 193 available) :f.'1'01ll Data 

Base II for training (or paramc'ber optimization) of this fqrmulation. * It 

rema1.ns) then, to employ the remainder of Data Base II and all of Data Base III 

to evaluate the formulation and to tabulate the results to permit further 

evaluations beyond the scOpe of the currently available data bases. 

A basic philosophy employed durinc the development of tliis system 

has been to avoid restrictive ~ssumptions wherleve:r .I:H)pt::ll"ule ana to explicltly 

state all assumptions "rhich must be made, accompanied) ,.,here it is reasonable 

to do so, by demonstration or illustration of their validity. This must 

especj.all.y be true for the evuluatiot1 below' an.d the associated. statistical 

interpretations • 

8.2 Data Organization 

The General Amel'ican English (GAE) portion of Data fuoa II conoists 

of 193 speakers in ti-To sess:i.ons nurnbered non-consecutively from 1 to 233. 

Since the method used to record and number speakers has some possi1:ri.li t;v: of 

producing groups of similar speakers (because of similar backgrounds, job:::, 

••• ), the speaker nurnbers \'Tere randomized. The data from the first 75 
speakers from this randomized list are selected for the trainina portion of 

'the system evaluation .procedul'e; the remaining 118 are selected for the 

testing portion. The speakers are renumberccl from this randomized list to 

run consecutively from 1 to 193. , 

-}:. 
The partition of Data Base II in this manner is discussed in section 2.4. 
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Trn de-tn, on the lab(.~11ed tape is J of course) fO\Uld in the order 

it "mo OI,,(;!:rm. TM3 :to reorGn.n1~..ce emd ord(~red by event to permit easier 

num:lrJUlf},tlon of the tape un1 to for the co.lcul.ntiono deGcribed bclOiv. * 
ThlJ duta. orcrul1zatjoll in shown in FiQ,U'e 8-1. Intraspoo.ker 

COOlpBl'1.m:mD 0:1.'0. found ott the mr.tin d1 agonal. Only ;)1000 inter speaker com

po.riGonG nhu,m :;l.lfvl,:11 are us(;d. Thio data cdi ting procedure allows mani-

11ulut:iol'l of 2:;x[~5 w:\'I,:dx oubportiono vTithin the core limi'to.tions 0:(' the 

PHD 0YG'UlID nt no a:i.c;n:tfico,nt GP.crificc in oto.tistico.l significa.nce beco.use: 

(1) 0.11 i,l~(J :tnt..r~!.Gl)lmlwr comparisons arc fuJ 1'{ utilized; (2) an order of 

magni tltu.· mCIl"11 int(;!'GI)(!ctl:er compo.t'ison than J.ntraSpeo.kel' compo.:rioon dftt,~ is 

conoid':lrt~c1 (conoic1cru,bly more are avo.ilable- - all the Ul:lshaded reeions of 

FiL'Urc 8-1 ... but thoir usc is cootly and cUlIlbercome and a.dds very little to 

'!ihe c:f.(~ldi'l(lo.nce· 0t' the rcsults); (-3) the prcrandolllization of the speaker' 

selN~tl(JlJ oro.0.r no::mnw that tl" datu in the shl?ded reeions are taken from 

tlll:'ouU1wuL an or:iei.m~l mo..tr:i,x ,.,111c11 miGht have been constructed from the 

unl'~1.lld()l:1:1 ~~;Jd liot 01' op(Jo.l;:cl'c. The rcaoonablcncso c,:' thio p:roccdure may be 

domorwtl'O;l;.c;u by o:x:n.mininr, F1.gul'c 8-20. which shows SOC curves for the 10 

)'ltlotwt:ic (!v(mt claDooG ta.ken sIngly. The top portion of Figuxe 8··20. sho\{s 

tlw CUl'Vl'G wh:lch :rcoult by, twinG only the data in the first 25x25 block shmm 

:t.n pj em'(! B~lj tlw boi,.~om Ci veo the resul to when all three 25x25 blocks are 

luJcd. It'lnurc 8-2b OhOlvG the came results for 1) 2) 3 & 5 block portions 

fl'C>ln tltr:' 11R cpcoJwr teotin,1 portion of' Data Bllse II. Since there is no 

COl1o:tfJtent dcgruc1n.t:i on or improvement as a. functl on of the number of blocks, 

the var:iat:i.Olw pre'sent:in 8-~!o.> a.r;.) must be taken as representing the 

variat:iflll of a P5 ollcn.ker SOC curve about a 75 spet>.ker SOC curve. Inclusion 

of' newt t:i (·nul intc:!: nr,(~[J.kt)!· (l~to. f.r-OUl the unused portions of the l1:atrix in 

l'';ic;ul'c 8~:t ,vouJd I~jvc o1milal' rcwult/J. tre.ble 8-1 ShOi'TS the p''i!rcent variation 

in the lntl'n- ullil il1terGPoo.l~C'l.' a.vero{;cs for three events selected to cover . 
the :l'nll::\'~ of the nlUll'l.'Ul" of tC'ltClH.1 availallle. The intel'Speakel' variation is 

ahmya h'm~ than tht.i int.l.~llnpct:.1tcl.' vario.tion and is ivi thin ""'2~~ of the average. 

'l\'13C('UUC(\ or 5,tn ltm:~l~h the r(1::1pJc:te tabu] Q.tion of' the data has been omitted 
frC'm Uti n l'CPC'll't. :rt in f't)llnd ~.n an atL"dliary m.c.nual "Srunmo.ry Tabulation 
of I,1.L}cllccl Data f'l'l' DAC!G \!/ T!·1-74""521-010-oo8. 
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SASIS Data Base- II Organization 
for System Eval unti,on 

~ ~ 
TABLE 8-1 

Event 33 /al 

• 
Percent Change in Intraspeaker and Interspeaker Averages Over 1st, 2nd & 3rd 25x25 Blocks 
of Figure 8-1 for Events 27 (~5-7 Tokens), 23 (~2-4 Tokens) and 20 (~1-3 Tokens). 

1st 25x25 
Block 

2nd 25x25 
Block 

3rd 25x25 
Block 

Average 

Intra. 

139.4 

148.7 

-
132.1 

140.1 
-~ ----

E'vent 27 

% -Inter 

-·5 254.3 

6·5 250.7 

-7.0 259-9 

255·0 
- - ._- ~ 

Event 23 

% Intra % Inter 

-0.2 145.1 -4.2 320.6 

-1.7 142.4 -5.9 ·315.4 

1.9 167091+1l00 , 325.8 

151.4 320.6 
'------- ------- - - .. - -~ --- --- -

Event 20 

% : I Intra % - . Inter % 
. 

[) 147.7 -2.2, 326.1 +2.0 

-1.6 150.4 -0·5 315·8 -1.2 

. 

+1.6 155.1 +2.6 317·2 -0.8 

~J 151.l I 319·7 
~ .. __ I _ __ __ _ I 

-1 
1 
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Use of all the interspeaker data available could reduce this by a factor 

of r-.J 2 but the effect on the accurF,(.cy of the SASIS re,sult's is not 

significant because of the inability to reduce the intraspeaker variation. 

, The structure shown in Figure 8-1 is claimed to represent a judicious 

engineering compromise in the use of the data available. 

A deta.i1ed tabulation of 'the number of distance tokens that are 

available in the forty-t1'TO (3x14 f:vents) 25x25 matI'ices of the training 

* portion of the data base has been omitted from this report. This tab-

ulation takes into account the criteria by which a triad from speaker i 

of session 1 and speaker j of session 2 are appropriate for use in 

obtaining a distance (these criteria are, in essence, common triad forms 

and position within the sentence). The number of t01\ens available per 

speaker comparison ranges from 0 to 9 and is clustered between 4 and 6 I'or 

most events. It is desirable to so structue this data that the statistics 

obtained are representative of those I'[hich 'I'rill be found operationally. 

To this end, the follOl-ring assumption has been made: 

a realistic number of triad pairs from 'I'I'hich a 
diste,nee is calculated, per phonetic ev.ent 
available,. is three. 

Since the distance used for a pho,'etic event is an average over the number 

available, the available tokens have been grouped in threelsfor the 

calculations made on this base. A further structure has been imposed to 

simplify the computational and, especially, the manipu1ational tasks. The 

tol\ens des crib ed, above have been grouped in three IS, by rule, so that there 

are ahlays ten numbers w'hich result, regardless of the nwnber of tokens which 

are present (exc;ept for 0 tokens '\·rhich is a special case). The fo110l'ling 

table lists the combination of n items taken 3 at a time for n=O, .•. , 9. 

. 
4 I n 0 1 2 ~ 

5 6 I '7 8 9 .:: 

n
C3 - - - 1 4 10 20 3i 56 84 

-
Table 8-2 

-)e-

See footnote, page 8-2. 

8. 't 

" 

As discussed above, the number of tokens is c1uster~d bet"Teen 4 and 6 
for most ev~mts. Ten 'I'ras chosen from the center of this range 
(5C3 = 10). The extTact rules which are used are tabulated in Table 8-3. 

Fox: n=5, the rules sj.mply tabulate all combinations of 3 distances. For 

other 'than n=5 there is some arbitrariness in the definition. The 

structure 'I'ras chosen based on the form shmm in Figure 8-3. The event 

distances are arranged in increasing order and the three symmetries 

shmm are used to generate the distance triplets. Some distortion is 

introduced for those events for which the available nilll1ber of tokens is 

generally less than 4·(primari1y the nasals, once the /e/ has been omitted). 

The rationale used to merge the 14 initial phonetic events into 

10 phonetic event classes has been discussed in section 6.0 above. Given 
phonetic event classes defined, the data structurinO' that there are 10 

<:> 

described above is hlrther ,described in Fig~re 8-4. The block of 100 

numbers is available for any speaker comparison of the form: speaker i 

session 1 vs speaker j session 2, with i and j arbitrary and each in the 
range 1, ••• , 193" 

From anyone block such as that sho'l'Tn in Figure 8-4 a large number 

of "pseudo comparison sessionsl! may be generated. Based on the assumptions 
above, each of the 10 numbers on each of the 10 ll"nes 

represents a realistic 
distance bet'l'reen the t ak -Iva spe ers i and j for the particular phonetic class 
indicated by the 1'; '"e. A h-nseudo comparl" s . II 

~.. ~ on seSSlon is defined by: 

1) selecting n of the 10 phonetic event classes) for 
any value of n = I, .•• , 10 

(this may be done) of course) 10C
n 

1fays) 

2)' selecting one value from each of the 
classes chosen in (1) above n phonetj.c event 

(this may be done 10n ways) 

8.8 
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n . 
-

~ 14 (1,7,14) (2,8,13) (3,7,11) (4,6,8) (,1.,2,10) (5,7,9). (2,12,13) (5,6,8) (4,8 j 9) (lO,11,12) 

13 (1,7,11) II " " " " II II " II 

12 " (2,8,12) " I! " " (2,11,12) " " " 
11 II (2,8~10) (3,7,9) " . If " (2,10,11) ,,--.. " (9,10,11) 

10 · : :- (1,6,10) (2,5,9) (3,7~8) " " " -(2,9,10) " " (8,9,10) 
· 

9 (1,5,9) (2,4,8) "(3,5,7) " (1,2,9) " (2,8,9) " " (7,8,9) 
-. 

8 (1,5,8) (2,1~, 7) II " (1,2,8) (5,7,8) (2,7,8) . " (3,7,8) (6,7,8) " 
" · . 

7 (1;4, T) - '(2,3,6) (2,4,6). (4,6,7) (1,2,7) (3,5,7) (2,6,7) (3,4,5) (3,5,6) (5,6,7) . 
6 (1,3,6) (2,4,5) (2,3,4) (2,5,6) (1,2,6) (2,4,6) (2,3,4) (3,4,5) (3,5,6) (4,5,6) 

r:: (1,2,3) (1,2,4) (1,2,5) (1,3,4) (1,3,5) (2,3,4) (2,3,5) (1,4,5) (2,4,5) (3;4,5) " · " 

4 (1,2,3) (1,2,4) (2,3,4) (1,3,4) (1,2,3) (1,2,4) (2,3,4) (1,3,4) (1,2,3) (2,3,4) 

3 1 2 3 (1,3) (1,2) (2,3) (1,2,3) (1,3) (1,2) (2,3) 

2 1 2 (d1 +i6), i= ?-,8) where 6 = (d2-d1)/9 

1 1 1 1 '1 1 1 1 1 .1 1 

.. ,. 
. ~ ... .. TABLE 8-3 

Rules used to form triplets of distances to produce 10 numbers per speaker comparison per event 

Evaluation 

.~. 

CI> 

(1,;'{,] 1, ) means (d1+d7+d14)/3; (1,2) means (d:+d2)/2 etc. 

·e 

n 0 1 2 3 . 4 5 ' 6 7 8. 9 10 11 12 

n
C3 - - - 1 4 10 20 35 56 , 84 120 165 220 

- - - --- --- ---~-- ---

event distances 
arranged in 1 2 3 4 5 6 7 8 9 10 11 12 13 
increasing order 

Symmetries: 

(1) 

(2) II 

(3) III 

, 
~ • () 

I I 
.~ --

I . 

Figure 8-3' 
Structure from which the rules of 
Table 8-2 were designed. 
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The total number of suc:h "pseudo comparison sessions" which may be 

generated from a single speaker comparison block 01' the form shovrn in 

Figure 8-~· is then: 

10 
"-' ,... lOU 
(.J 10' .... n • 

n=l 

or 

10
0

10 '+4i;10
2
+120' 10

3
+210

0

10
4
+252' 105+210' 106+120' 107+45 '108+10,109+1.1010 

~ 2.6'10 • 

Clearly, this is not computabl~~. The fol1mring subset is selected by replacing 
rule (2) by 

3) Select any arbitrary one of the 10 numbers from the first 
phonetic event class; then select the corresponding value 
(e.g.) the 5th) from each of the other phoentic event classes. 
(this may be done 10 ways ) . 

The total number of Ilpseudo comparison sessions" for a single comparison 

block is 110W: 

10 
E 10Cn • 10 = 10 • (1023) 

n=l 

h = 10230 ~10 

The exact distribution of these by n is shmm in Table 8-4. 
I . . ~. - . 

n 1 2 3 4 5 6 7 8 q 

no. of Itpseudo 100 450 1200 2100 2520 2100 1200 450 100 
comparison 
sessions" 

: ." 

"--"-- .-

Table 8-4 
. :.',; 
,','I 

base, as 

Since there are 118 speakers in the tl~aining portion of the data 

indicated in Figure 8-1" and 1353 inter speaker comparisons (the 

shaded areas tlf Figure 8-1), there are then a total of 

"intraspeaker pseudo comparison sessions" anr'l. 

1353 • 10230 = 1.384119 • 107 ~ 107 

-

"interspeaker pseudo comparison sessions. 1I The approximate number of speaker 

8.12 
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"pseudo comparison sessions tl using the data structuring df.iscribed above is 

shown in Tables 8-5 and 8-6. Because of' the procedure follovred. for expanding 

the data and prclducing 10 distances for eac'h speaker contpE',,:dsQl::) per phonetic 

~vent class'Md the rules, (1) and (2) I I.;hich define a'II:r;!(:.H;lUcl,O comparison 

seSSion" I' the number of sessions which are used to tab'l,t.lnt.6' the statistics 

for a given specific set of n phenetic events is n01i a function of n, as 

is indicated in Table 8-5. Hence, each such tabu.latiol':.), has the same validity 

(effected only by the reasonableness of 'bhe assumpt:tm::.ls delineated above). 

, . 

. 

. 

TABlE 8 -5 

Approximate number of speaker comparison sessions using 
.the da:ba structuring presented in the text and the test
ing portion of data base II 

-
intraspee..ker interspeaker 

Total No. of 
106 Sessions 1.2 x 1.4 107 

No. of sessions 1.2 x 105 1 .. 4 106 
per phonetic 
event class , 

" 
No. of sessions for function of n function of n 
a non specific set (see Table VI) (see Table VI) 
of n events 
n = 1, ... , 10 

- !"'-

No. of sessions fel' (n.9.t. a function (not a function 
a specifis, set of of n) of n) 
n events 1180 13530 

--. -

8.13 
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~s permits selection of a single resolution for which all the 1023 inter

speaker/ir.traspeaker statistical distributions are tabulated. The intra

speaker statistical distributions consist of 1180 "pseudo comparison sessions;" 

The interspeaker distributions consist of 13530 such points. These pOints 

themselves are recorded and constitute the primary output of the system 

procedur~s. Fl'om this data; histograms are constructed on 200 bins* distributed 

between the minimum and maximum values. The histograms are area-normalized 

to 1000. Although this procedure might be sensitive to the presence of points 

in the tails, no such results have been observed. 

The data manipulations using the 75 speakers from the training 

portion are: 

1) obtain a set of 30 features J of the possible 165, for e£tch 

phonetic event j 

where I
j 

= a set of 30 of the 165 features and the cor

responding weights 

{w. J i eI. } j:::l, • • .) 13 
J. J 

for use in the distance measure calculations. 

These are given in Appendix 5E. 

2) obtain the normalizing factors for event j and feature i 

f., eJ.. i=l, ••• ,30 j=l, ••• ,13 
J. J. 

where r. is a feature average overall data in class j; 
J. 

O'i is the corresponding feature standard deviation. 

Those Are presented a.nd discussed in Section 4.3.1 above. 

'X'Empirical axe-minO-tion of 100, 200, and 1000 bin histograms and a considera.tion 

of the disc storaGe reqUirements lead to this choice. 

8.15 

3) obtain a set of coefficients for use in the s imilari ty measure: 

for each Il events (n=l, • • ., 10) there are 10C
n 

sets, of 
n coefficients €la.cll, obtained. Hence, a total of 

coefficients are determined frorn the data base. 

The coefficients are tabulate.1 in T:able 8-7. Table 8-8 illustrates 
the behavior of the coefficj.ents for the subset of cases listed. As exPected, 

the merged events are conSistently more heavily weighted than the non .. mergcd 

events and the nasals aTe the least heavily weighted. 

ConsideratJons 'for· Pres enting the Results 

The 118 speakers in the testing po:rtiun. of D~ta Br!,F3e II are used 

~o calculate the system performance. The results n~y be tabulated in one 

(or more) of the forn·s ShO'ffi in Fj.gUl'e 8-5. 1\ is a form of likelihood ratj.o 

prob. denSity pl'ob prob. distribution 

r tcr prob 

intra. 

(a) (b) 

prob 

(c) (d) 

Figure 8-5 

8.16 
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TABLE 8-8 

f'rom Optimization on 75 Speaker Training Portion of' Data Base II 

Selected sets f'or a "ReasonableIless ll Check 

, I 
Specif'ic Events 20 21 22 23 24- 31 32 25-26 27-28 

. 
All 47 33 50 66 65 50 57 ·68 69 

11111.01l11 49 35 52 71 -- 57 61 78 72 

1111011111 49 34 51 67 69 -- 62 75 74-

1111001111 52 36 53 73 66 87 78 . 

1111000111 55 38 I ?3 75 -~ -- -- 95 82 

1110001111 55 39 53 -- -- -- 70 94- 79 
I 

1110000111 58 - 41 53 -- -- -- -- 101 
t 

84-

1110000011 65 44 53 -- -- -- -- -- 96 
1l000001ll 64 48 -- -- -- -- -- 102 85 

1100000011 70 51 -- -- -- -- -- -- 98 .. 
1100000001. 75 53 -- -- -- -- -- -- --
10000000il 90 -- -- -- -- -- -- -- 124-

1000000001 97 -- -- -- -- -- -- -- --

I 

29-30 

94-

100 

96 

102 

108 

107 

li4 

123 
114-

-; 

124- . 

1.30 

1.56 

167 
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which is defined from the distribution functions ofFi~e 8-5b (and not 

from the density functions of part (a) of the Figure). These curves are 

obtained for each of the 1023 sets of events and may be grouped by~ 

1) n, yielding 10 curves 

2) event, yielding 10 curves 

3) all lumped together, yielding 1 curve 

h) all individual, not grouped, yielding 1023 curves. 

The significance of a particular value of 1\ is a function of (1) which 

f d (2) how deta,iled a description of "significance
ll 

'gro~ping ebme is pre erre; 
is desired. Several levels of description are possible. For example, the 

value of 1\ may be 

(1) 

(2) 

(3) 

significant 
(1.;'01'0 states) 

not s :i.gnificant 

ItsiGnificClnt" on a Heale of-10 to 10 

interpretablc by an auxiliary measure of optimum conditional 
risk, as discussed in Appendix 7-B. 

sU:f..)ported by s'catements of the folloifing kind~ 
(a) D? no decision is made l~ of the time, then /\ < KJ. 
implies "same ll and /\ > 1<2 implies "different

ll 

wi'bh less than ~% total error on the data base collected 

and asouming equal ~ priori probabilities for II same l1 and 

It differe'n'C. II 

(b) di tto except 1\ < K3 -t 11 same 11 

.A > K~, -t 11 different 11 

ifith no error on the data base 

( c ) ;\ < K5 = 11 same 11 

with less than It~% error, on data base 

. (d) 1\> K6 = IIdifferent ll 

ifith less than M:3% error, on data base 

interpreted as falling ifi thin a range /\1 to 

L % confidence level. 
• I 

• Choice among these alternatives must be g\li.:l.ed by the objective 

of the system~ 

To provide quantitative evidence to a hUlllan-decision-maker 
to permit him to make a decision in a two-choice-open-decision 
(TOOD) context and, having so deCided, to permit him to assess 
the error probabilities and confidence bounds. 

The results available are the measured error rates and inferences on upper 

bounds for the actual error rates. Given anyone of the 1023 intraspeakcr

interspea.l{er tabulated curves to be used in an operational Situation, t,'wo 

basic questions arise~ 

if the values of S and A are used to make a decision,what is 

the confidence (quantitatively) that the decision made is 

correct? 

given the value of' /\, ifhat are the 95%, say, cor"fidence bounds? 

The Appendix to Section 7.0 above presents one anSifer to the first question 

under the assumption that the decision ifill be made solely along tlndi tion:l.l 

decision theoretic lines. The optimulIl risk conditioned on the observed. point 

emerges as an inverse measure of confj.dence - i.e., the more the risk, the 

less the confidence. The properties shovm in Figure 7.B-2 are satisfyint!,. 

The highest risk, 101fest confidence decisions are those in the overlap region. 

While there is no question,that this approach is on firm theoretical ground 

(leaving aside the annoying neceSSity to ma.ke some judgment on at least the 

combinational relation of the ~ priori class probabilities and the "costs" 

of incorrec'b decisions), one is left i·,i th a nagging feeling that a supplementary 

interpretation) like that to be given for /to, is required to m:;.ke the results 

not only quant~tative but intuitively quantitative - i.e., heuristic. 

Qualitatively, the solut:i.on deSired for the A confidence intervalR 

ought to reflect the fact that for a given confidence bOillld, say 95~) the I\ls 
associated with the tails of the dj,stributions are the most unc&rtain. Figure 8-6 . 
illustrates the notion that the interval size 8 around a given ~ 10 a function 



·01 1 100 

J'!\ 
Gi ven A=:I\ then Prob. ( ~ - & ::; 1\ ::; .?\ + I) J ~~ 0.95 

FigUl'e 8-6 

Qualito.tiveIllustraticn of the Behavior of 
I) with 1\ and S for a Given Confidence Level 

6. 
of the 1\, and hence of the position along the S axis, for a given 

confidence level. 

1\ is defined as the ):'atio of the estimates for the probability 

c1iEI'C:dbution func'biens of the interspeaker to the intraspeaker cases. These 

distribution fUllctien estimates are based on integration of a probability 

denoity ctu've of the form sho'tm in Figtu'e 8-7. 

The estitr.~te may be viei·red at ea.eh point T as an N-fold repetition 

of 0. Gimple alterna.tive and the standa.rd binomial distribution and bounds 

may be used to obtain various confidence intervals at each point T. A qUf.1.1i

tat~LVC tl.Pl)l'ccintiol1 is obtained by e:X:amil1ing Figure 2-7, repeated here /;J,S 

l~iaure 8-8, with the kno\vleclce that N + M = 1180 for the intraspeaker distri

bution and 13~ 530 for the interspealcer distribution. 

8.57 

.r., 

• 

N total point:!) ..---...... 
M total points 

above T belaY 
~~~'~~~S·~~S~~~·---.---------===~--S 

T 
1\ 
P = N 

N+M 

Figure 8-7 

Estimation of the Probability Distribution Functi.on 
for the Interspeaker Case, at the Point S = T. 

The key assumption on this binomial model is that the trials 

are independent. For the original speaker d8.L8. this i& cCl'ta.i.nly valid. 

However, the "pointsll in the distributions being discussed here are dista.nces 

which are obtained by averaging over triad-pair triplets, as discussed in 

S~ction 8.2 above. The triad-pair triplets are formed by rule, as shovm in 

Table 8-2. Hence the "poin-cs ll are not strictly independent and the vo.lidity 

of the binomial model may be questioned. The Chebychev inequality does not 

rely on a knmvn form of a distribution but depends only on the extistencc of 

the mean and variance of the random variable being estimated. Hence, it 

seems reasonable to use the simple alternate form of the Chebychev inequali"ty 

as a realistic to conserva't:Lve estimate C'f the confi.dence intervals being 

obtained. Hence, consider the Chebychev bound 

where 

Prob. 

n = N+M 

p = prob. of success (i.e., an observed point fal~in 
in the interval S::; T) 
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Consider fixing 1'\ at some value determined 'by subjective judgments 

concerning what is a reasonable cOl'lfidence level. n is kno''''n and fixed 

from the data (n. t = 13530 and nr t = 1180). So the side constraint ln er ~ .. n 1'0. 

becomes one on the function o(p) - i.e.) the interval around p needed to 

achieve the specified confidence is a function of p (and if OUX' estimates 

are to be useful for all practical purposes we can consider this to be 
idelltical to 0(P') ) • 

Hence, the condition becomes 

1 

5(p) ~ [:p( I_P)]2 
n.T] 

and the equality ma.y be assumed ifithout loss of genel'ality. The asymptot.ic 
behavior with p is intuitively satisfying: 

a) for p « 1 

b) for p ~ntermediate 

I I 

c) for p ... 1 2 
5 (p) ~ 'a ... 0 

So that graphically woe obtain: 

p «1 ,. 
p :: 1 

Figure 8-9 

8.60 



• i.e., the largest uncertainty is indeed found in the tail of the distri

bution where the sampling is the sparcest. 

/\ 

Since 
~ e Pinter 

'P'intra 

the 1-11 confidence limits for 1\ are 

i"here 

(

1 -

1:+ 

0' inter 

6~nter f\ ~ 6' ) 

~ntra 

°intra 
.Ai --

~intra 
6 inter 

.9. 1\ 

P. t 
~n er 

0' ) inter f\ 
6' intra 

and where the 1-11 confidence bounds on the distributions are 

~\ (1 ± c' ) 
Pintra intra 

·In summary, a specific procedure and rationale for SASIS's confidence 

bounds on the likelihood 1\ is: 

® 

1) Use the simple alternative form of the Chebychev inequality 

to obtain the interval size for a 95%,' confidence bound "?" 

the intraspeaker and interspeaker distributions. 

8.61 

• 

• 

where 11 -- 0.05 

i = 1 is the intraspeal<er case, nl =1180 

i = 2 is,the interspeaker case, n2, ='13530 

The ~i are calculate'd for each of the 200 hist~lgram points and the 

are calcuJ.ated for all 'to I o. 
~ 

2) Use equation ® to obtain the A interval. 

, 
o. 
~ 

Table 8-9 shmrs the 95% confidence ranges for the interspeaker and intra

speaker distributions for estimates from 0.01 to 0.99 in increments of 

0',01. If the range of the estimate goes negative (or exceeds 1) it may, 

of course, be trlli1cated at 0 (or 1) and the confidence bound ren~ins valid. 

For high and ImT values of 1\ this results in particularly conservative 

bounds. 

8.h Discussion of Selectee. E":aluatiol1 I:esults 

Table 8-10a,b,c presents the density, distribution and GASIS 

Q'perating Qharacteri'stic (SOC) curves for ten of the i..n itiaJ. two event cases 

extracted from the full tabulation of 1023 combinations. The density curves' 

vertical axis range is 0.0 to 0.5; the horizontal axis similarity range is 

tabulated on each plot. The higher variance of the intraspeaker with respect 

to that of the interspeaker data, discussed in Section 8.2 above, is clearly 

evident. The di~tribution curves vertical is 0.0 to 1.0; the horizontal 

range is, of course, the same as for the density curve and is repeated on 

each plot. The SOC curve's range is 0.0 to 0.5 on each axis. The range of 

the Similarity function is repeated adjacent to each plot for convenience 

and does not refer to the SOC curves' axes. 

Examination of the th:!~ee curve forms of Table 8-10 suggests that 

the SOC curves' concentration on presenting the overlap regj,ons of the 

interspeak~r and intraspeaker data is useful in n~king rapid qualitative 

comparisons of the merits of various event combinations: For example, the 

two event case 1000010000 (consisting af 20(lmf) and 31( )) is superior 

to the adjecent case 0110000000 (consisting of 21.( I n I) and 22( I 'Q I)). 

8.62 
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8.63 
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Table 8-11 is the first sheet of a 1023 page detailed tabulation 
for all combinations of the ten events. It lists the similarity measure, 

density values, distribution values) and the resulting likelihood ratio) A . 
Table 8-9 and formula ® on page 8-24 may be used to obtain the 95% 

confidence interval for the probabilities and ~~. For comparison with 

these illustrations the 10 event results are shown in Table 8-12. Examination 

of the full set shows that the results generally improve as the number of 

events increases) as would be expected) but that certain event combinations 

are significantly superior to others. The improvement is much more marked 

in the low numbers of events region. Th:ts indicates that the number of 

events used is sufficient to extract substantially all the information that 

is available under the BASIS problem formulation. The fact that the higher 

order curves do not asymptote to perfect separation may be interpreted as 

stating that the intrinsic dimensionality of the formulation is less than 
ten. 

It is espeCially important to note at this point that these results, 

of course, depend on the suitability of the data organization and processing 
to represent realistic operational data. 

The perfect separation caSe may 
be approached more nearly, for exe.mple, by removing the requirement, stated 

on page 8-7 of Sectlon 8.2 ) th~\t the data be structured into tr:ad-pail' 

triplets and averaging over all the data in the base. This indicates tl~t 
the results presented will be conservative, indicating more overlap than is 
actually present if more samples are available operationally. 

8.64 
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9.0 CHAN1TEL EQU.ALIZATION STUDY 

9.1 INTRODUCTION 

The basic obj ective of this study is to define a.lgorithms which 

will enhance the con~ect classification of a suspect speaker when the suspect 

utterance has undergone transformation due to unkno~vn channel distortion. 

The scope of· this study has been limited to the mod:l.fication of an existing 

technique utilized succe~sfully in cha~nel normalization for speech (word) 

recognition (Vitols and Paul, 1973). The goals of the t~170 applications are 

. somewhat different, since in speech recognition, it is desirable to normalize 

the channel as \l7el1 as speaker-dependent characteristics, while in the SASIS 

application it is desjrahlp tn nn~alize only the channel-introduced distor·~ 

tions. 

9.2 EXPERIMENTAL PROCEDURE 

The algorithm utilized in previous speech recognition work consists 

of modifying the output of each spectral channel by application of bias and 

subsequent gain chang a such that the long-term range is bet~l7een 0.0 and 1.0 

units of energy. In that particular application, "long-term" was used as 

2.5 seconds; this was the maximum allo~l7ed by certain system constraints. 

Preliminary analysis indicated that direct application of this 

algorithm to channel normalization in speaker identification applications , 

created sothe undesirable effec.ts and a modification was necessary. 

The first phase of the study wa~l to create a reference, "speaker" in 

the fom of a cassette tape record ex' on which were recorded several test 



sentences obtained from Data Base I. The acoustic characteristics of the 

recorder playback were measured. This reference "speaker" cassette tape 

recorder was taken to eight different locations including a phone booth and 

Bever~l open and closed offices with different acoustic environments. A 

total of eight different recordings were made an.d, in each case, effort was 

iIIade to have the p1a.cement of telephone handset and tape recorder positions 

approximate as nearly as possible those of a human speaker. 

nlC resultant recordings were spectrally analyzed and channelized. 

Density functions were plotted for each spectral channel showing the fre

quency of occurrence of a given amplitude level. Channel bandwidths used 

were tll1:~ same as in section 3.1.2. A sample of the density functions~ along 

with their corr~spond:i.ng dist:ribution functions, are shown in Figure 9.1 for 

two channels. 

The previous normalization o~ speech for recognition purposes ex

panded each channel to full range; Le., each channel undergoes the trans

f Ot'11l1l tion 

Xi c: (Yi - Ai)!(Bi - Ai) 

vlhere: y ,-
i the values for the ith channel . 

x -i the n0r111a1ized values for the i th channel 

A -i the minimum value of the i th channel 

B -i the maximum value of the ith channel 

While t~ds provides ncar optimum results for word recognition, where both 

stressed. and unstressed signals are important, it does not do so for speaker 

idcntif:ltC~1.tion ~V'ork 'tvhct'e the decision is based on stressed sounds. 

• Analysis of the channelized data distribution functions sho~.,ed 

that background noise effects are predominant over the O~O to 0.3 range of 

the distribution function (range A of Figure 9.1) with occasional disturb

ances extending to the 0.5 level (range B of Figure 1). Similarly, satura

tion effects affect the data between the 0.85 and 1.0 level (range C of Figure 

1). The data from each given channel of the spectral analyzer is least 

affected by the environment of the speaker when its value is in the 50 to 85 

percentile range (range D of Figure 9.1). Thus, the normalization point 

should be chosen to be in this range in order that it reflects only spectral 

normalization, and it is not affected by background noises. 

Further analysis ,,,as performed to determine which percentile points 

on the distribution function were the most speaker invariant for the case of 

a fixed-amplitude signal recorded in a single environment (sound booth). This 

corresponds to the 0.75 to 0.85 range of the distribution curves (range E of 

Figure 9.1). That is, when amplitude distribut~,on functions of the chan

nelized spectral data is plotted for different speakers but of the same ampli

.tude and in the same environment, the points of least variance are between 

75 and 85 percentile range. Thus, the best normalization (maximum telephone 

channel normalization with the least speaker normalization) is achieved when 

a reference point in the 75 to 85 percentile point is selected as the anchor. 

The point chosen (vas the 80 percent point. For normalization, the gain of 

the channels is adjusted to bring the 80 percentile points (points F in 

Figure 9.1) to standard positions. 

·Sunnnary to this point; A technique has been described which gener

ates a spectral response function of a COlUDlUrlications channel similar to a 
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long-term power spectrum but is less affected by background noisp- and non

linearities ana fUrthe'r tends to be more independent of speaker chtl1:acte-r-

istics. The technique essen~ially consists of looking at the eightieth per

centile pOints of the spectrum analyzer (';HtputS. 

A question remains as to the duration of speech to be processed 

in order to obtain a statistically stationa.ry santple. For this experiment 1 

test sentences of various lengths .. qer~ generated by conoatenation of Data 

:Base I sentenoes. The 80 percentile point power spectra was oomputed for 
. 

the variable-length utterances. Two independent sets of sentences were 

generated to verify the stationarity of the results. The po~qer speotra wer(,l 

compared across speakers for the same location (sound booth) and across loca

tions for the same standard speaker. The mean and standard deviations (in 

1/4 db units) for nine speakers from the same location are sho,.ffi in Table 9.1 

for five different sentence lengths and two independent sets of sentences. 
I ' 

TIle average standard deviation as a function of speech duration is plotted 

as curve A in Figure 9.2. Curve B shows the same comparison for only two 

speakers.. Similarly, the average spectral deviance for the same speakers 

for different sample lengths is shown in Table 9.2. The average deviance 

over 10 speakers compared with themselves is plotted as curve C in Figure 9.2. 

Individual eightieth percentile spectral samples for the I'standnrd" 

speaker over different telephone channels and locations are shown in Figure 

9.3. (Scale 5 db/unit) Note that 5 - 10 db channel-to-channel variance is 

common with occasional 20 db variations • 
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'TABLE 9.2 

Average Spectral Deviation as 
a Function of Sample DUration 

3.5 sec. 7.0 sec. 10.5 sec. 

3.71 3.62 2.71 

2.83 2,78 1.5 

4.62 3.16 1.19 

5.88 4.26 3.57 

5.76 5.4 2.~,l 

5.09 5.17 3.28 

6.34 3.53 2.22 

3.4 2.09 1.52 

2.57 1.Ol;. 1.91 
i , 

3.88 4.05 1.10 

4.41 3.51 2 .11~ 

1.10 0,88 0.54 

" 9.8 

" 

ll;. sec. 17.5 se<:!. 

1.95 1.1 

1.19 1.79 

1.03 

4.31 3.02 

2.14 1.03 

2.h3 1.45 

1.03 1.38 

1.00 1.72 

2.98 2.,05 

2.07 1.11J 

2.01 1.66 

0.50 0.415 
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FImn~E 9.3 (Description) 

Spectral response curves for two different sentences spoken by the 

"standa:rd" speaker from eight different locations.. The ordinate repre

sents the sp~ctral response (in 5 db units) for 28 channels plotted 

alone the abscissa. The right-most abscissa position (equivalent to 

chann01 32) contains the amplitude of the vlideband signal. Figures 

3(0.) throuch 3(h) arc .for sentence number 16 of data base C and 3(i) 

through 3(p) for sentence number 19. 

JJoco.tion and Connection 

Orieina1 t~pc recording 

Booth-closed local 

Office lvo. 1 

Computer room 

Office No. 2 

Booth - open 

Office No. 3 

local 

local 

local 

local 

casnet 

"Standa.rd" speaker 
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Figure 
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9.3 CONCLUSIONS 

A sample length of 15 seconds is desirable for long-term speaker 

statistics excraction. S1 t 1 lor ar samp es down to five seconds can still be 

expected to produce improvements in channel normalization over un-normalized 
dat.:a. Channel norrnali~ation is essent:1,al for operation over unknown channels. 

(No'rE! Averace intraspeaker variation for same chann.el _ 0.5 . db; average 
;f,nt:crapeakar variation for same channel - 1.6 db,-

average intraspeaker varia-
tion :for tnul til)le channel - 2.8 db. 

Tha t is, the ch~mnel-induced spectral 
Vlt1~iat:ion6 ltl:C more significant th . an any speaker-induced long-term spectral 
charac.teristics.) 
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APPENDIX 2A 

pATA BASE I VOCABULARY 

The following vocnbulary is organized into words including each 

c:)f I:ha t:cnulining vowelo (tlUl word list £01:' Iii is given in Table 2.3). Each 
. 

'Word liot io organized into Uigh-Vo\.,cl-High, Middle-Vowel-H~ddle, and Low-

Vowal-Low hub context £1.0 defined in Section 2.0. 

2A-l 

{. 

Jitter 

Did 

Dit 

Kick 

Gig 

Thistle 

This 

Sister 

Sizzle 

Fifty 

Vivian 

Fib 

III 

Vocabulary Hetnbers 

~isstte 

Dish 

Condition 

Tidbit 

Kiss 

Signal 

Sick 

Sixty 

Scissors 

Persist 

stitch 
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II 
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'e:> 

Sh':id 

Tad 

Dcaa. 

Debt 

TOCci/hel.' 

Ken 
GUent 
(hwCG 

l\:!'p 

1\3111).le 

l~('VCl~Jy 

lloV' 

... 

Jet I 
I , 

Shetland 
Steady 

Bayn 

AeeoGs 

SUI"f'f.:rr 

r~xcc::;c 

Recess 

Procoa::; 

/~/ 

Seven 

Seventy 

Zest 

Incessant 
Section 

SesC-ion 

Segmen'!; 

M 

L 

H 

Ii , . , . , , 

c 
.. ' •~ 

( 

tP .. 
,.' 

'~radpole 

J~ad 

JDash 

Cagney 

Gag 

Cust 

Sack 

Sag 

Sasf1Y 
,Zig Zag 

Pablo 

Babble 

Baboon 

Fabttlous 

Baffle 

/' 

/a/ 

Shatter Tattered 

Chat H 

Castle 

Ransack 

Casual 

Sacrifice 
.... '. 

Outcast 

M 

! I 

Fabricate 

L 

2A-4 



.) 

!J!od 

Tot 
Ghot 
Dot 
Shoddy 

Jot 

Coe 
Gom~c 

GO("I'Y 

Soelt 

1\0.1' 

l)opcicJ (' 

1mI' 

Do}) 

I)ol'ttloUQ 

Dodge 
Dodcc City 

I I 

/ri./ 

2A-5 

H 

M 

L 

f , 
] 

.) 

II 
\' .!J 

Taught 

Da.ughter-

Caulk 

Sa"rs 
Sause 

Ga"rk 
Caught 
Cost 
Caustic 
Cause 
Beca.use 

Pauper 

Involve 
Revolve 

/r)/ 
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cm 

'.) 

/ul Hords 

Should 

H 

CooJ{ • 0' 

M 

L 

I 
j' 

I\lt Good Book 
Poat Soot 
nilO()l\. I\l(hHnc; Sup 
n\11,~f41' l\u:h 

Cunldon lim;h 

2A-"{ 

. ., fi)) 

(~ 
\9* 

Toot 

Tu.tor 

Dude 

Shoot 

Chute 

Do To 

~ty, 

Cougar 

Kook 

Enthusiasm 
Sooth 

Suzan 

Zeus 

Azusa 

Zoos 

Couth 

Sioux City 

Poop 

Boob 

~~ ______________ l_; _________ • ______________________________________________________ -===~. ____________ __ 

~---------------------------------------------'.-' 

. ' .. " 

/w 

H/U/H 

Substitute Student 
Attitude Btudio 

Goose 

M 

i I 

luI 

I 
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,p 

Dud.1.cy 
Dooo 

Ohut 
Dud 
Suuo 
Judge 

Jut 

ShuttJ,c 

Suck 

Guo 
Gu.ct 

~'lUn 

Thug 

Sunmcln 
Suclwl' 

IUD 

l\ll)lW 

I\tb 

I\U'i' 

l~ut'i' > etc. 
Duffer 

Above 

Shutter 
Study 

Touch 
Dutch 

Disgust 

Suntain 
Discuos 

, ..... ~ 

I' ! 

'I 
I 
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Dunkirk Thursday Circuit 

Circus 
Girth Beserk 

Third 
Curse Backers 

Thirsty 
Talkers S;i.rs 
Walkers Packers 

Burp Perform Suburb 
Perfume 

Perforate Perfusp. Purpose 
Perfect Pervert 

. Pervious , 
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. APPENDIX 3A 

TELEPHONE LINE SIMULATOR FOR SASIS 

. ~ - -- - -.... .." ""- .. 

The spoken sentences are. recorded by a two-channel a.~d.io re
corder (Ampex AG440A) via a carbon telephone micI'Opho:16 c:.::::zd 
a mixed pair of Sh1J?.E 565 dyna.mc microphones. The c!:E.!'_::-=': on 
1-Thieh the carbon microphone has been recorded is subseq:.:.e:::::ly played 
through a transmission line link to the computer-input a:..s.log-to-

, , digital converter (ADO). 

The transmission link provides the functions of s~:e filtering 
and telephone channel simulation. FigU.L'e 1 ShOi'TS the l::':,~:. The audio 
recorder signal is band limited by a lCil'T-pass sa.r.:pling :f':.:-ter and is 
then pas s ed through a C2 t.elephone line s imula tor. A var:'able gain 
~plifier.restores the signal amplitude to the ADC range (=5.0 volts). 

The lOiqpass sampling filter is a 12th order elliptic ?assivt?lo;-r
pass filter having characteristics given in Table 1. 

TABLE 1 

~Oi'pass Filter Chaxacteristics 
I ' 

± 0.25 dB 

... 3.0 dB 

> ... 40 dB 

o ~ F ~ 2.8 kHz 

F = 3.2 kHz 

F ~ 3.4 kHz 

The telephone line simulator is a SEG 3002 and mOdels .an unconditioned 
C2 telephone channel. The characteristics of this chan.."1el are ver';/ 
similar to those of voice-grade dial ... up channels in the Los Angeles a.rea. 
The specifications ("'Torst case) for a C2 line are given in Table 2, and 
the measured gain and delay characteristics of the SEG simulator (Model 
FA-1447) N905242) are given in Figures 2 and 3. The me'asurements shCil., 
the simulator to be a reasonable model of t.he C2 line. 

, , 

" ... 

I I 

3A:-l 

0 0 
recorder 

TABLE 2 

. 92 Line Characteristibs (worst case) 

Attenuation: (reference 0 dB at 1 kHz) 

300 Hz to 3000 Hz 

500 Hz to 2800 Hz 

+ 2 dB to - 6 d}3 

+ 1 dB to - 3 dB 

Relative Delay! 

I--> 

1000 Hz to 2600 Hz 

600 Hz to 2600 Hz 
~OO Hz to 2800 Hz 

Lowpass Telephone 
Filter Line 

Simulator 

Figure 1 

.5 rosec 

1.5 msec 

3 msec 

Variable 
Gain 

Amplifier 

SASIS Transmission Line Configuration 

. . 

" 
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APPENDIX 3E 

SUGGESTED READING MATERIAL 

IN 
ACOJl.§.TIQ PHONETICS ANDSPEAKER IDENTIFICATIO~ 

Potter, R. K., G. A. Kopp, H. C. Green, 1966. 

Visible Speech. Dover ~~blications, Inc., New York. An 

excellent treatment of the sonographic representations of 

speech. Phonetic events are considered independently and 

in diverse contexts. ChapterE 1, 2, 5, 6, 7, 8, 9, 10, 11, 

and 12. 

2. Heffner, R-M. S. 1969. Genera.l Phonetics. The University of 

Wisconsin Press, J:.fadison, ~·Tisconsin. Good description of 

the speech production process including physiology, physics, 

6yllaoic and non-syllabic sounds, and speech sQunds in con-

"text. All chapters. 

3. Lehiste, I. (ed.). 1967. Readinr:s in Acoustic Phonetir.:s. The . 
M.I.T. Press, Crunbridce, Mass. A collection of· c1ascica1 

papers in acoustic phonetics. Papers 1, 10, 11, 12, 14, 16, 

20, 21, 22, 24, and 30 are useful background material for 

the la.be11ing process. 

4. It'lanngan, J. L. 1965. Speech Analysis Svnthesi.s and. PercE-ption. 

Academic Press, Inc., Hew' York. Chapter 2 describes the 

production process for the differing classes of sounds. 

5. Rabin~\o/'i tz) A. s. 19'74. "Sound Discrimination Task Report," 
• 

SASIS, Rockwell International Corp., Anaheim, Calif. A review 

of acoustic phonetics and a discussion of the SASIS interactive 

labelling process. 

6. Dixon, N. R., and C. C. Tappert. 1970. "Tolmrd Objective Phonetic 

Transcl.'iption -- an on-lin~ interactive techIlique for machine

processed speech date.. " IEEE Transactions on Na.l'l-1>1achine 

Systems. 1·1':6-11:202-210. P'nilosophical overview" of the label

ling taGk at begiIl.'1ing of' the paper is pertinent. 

3E-l 
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7. Hecker, M. H. L., 1971. Speaker Recognition. An Interpretive 

8. 

SUrvey of the Literature. ASHA Monographs No. 16. American 

Speech and Hearing Association. \'Tashington, D. C. Considers 

speaker variability and speaker recognition by listening, 

vOiceprint, and machine. 
i 
I 

Bolt, R. H., F. S. Cooper> E. E. David, P. B. Denes, J. M. Pickett 

and K. N. Stevens. 1973. "Speaker Identification by Speech 

Spectrograms: Some further observation." Journal of the 

Acoustical Society of .America. 54, 531-534. This paper and 

. the folloiofing represent a dialogue in the scientific community 

on the value of the voiceprint approach to speaker recognition. 

The ti{O papers are of essentially opposing vie\'i'points. 
. . 

9· 'Black, J. W., W. Lashbrook, E. Nash, H. J. Ciyer, C. Pedrey, O. I-

. . Tosi, and H. Truby. 1973. "Reply to 'Speaker Identi ficatiol1 of 

Speech Spectrograms: :;;ome further observations ~" JOUl'nal of 

the Acoustical Society of America. 51+, 535-537. 

10. Williams, C. and K. N. Stevens, "Emotion and Speech: Some Acoustical 

, Correlates ,." 1972. J'ournal of the Acoustical Society of America, 

52, 1238-1250. Considers the effect of emotion on acoustic 

representation. 
. 

11. Stevens, K. N. and A. S. HoUse. 1963. "Perturbation of Vo\.rel 

Articulations b.V Consonantal Contexts: An Acoustical StUdy." 
! 

Jou:rnal of Speech and Hearing Research. 6: 111-123. A good 

and invaluable treatment of the effects of various consonantal 

contexts on vO'<1el types . 

• 
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APPENDIX SA ---
PP'rIHAL. SELECTION OF FEATlmE SPACES 

The p:r.oblom io to f'1nd. a linear 1mb space or hyperplane in the 

origintl.l l>o.ttC!rn Gpace ouch tha.t the points representing utterances of 

each gi v(;n olll.!ttker 'Ytl1l be clo~e toaether compc.red with the points 

rOPl"eG(mtinc uttcranc(;G of d'lf'ferent speakers. Using the measure de-

fin(!d by (5) bclo\.T as the criterion of merit we proceed·in the following 

pa.racrra.pho to find an exact solut ion to the problem of' optimal lineal' 

fco.turc oeJection. 

.Let us consider an input po.t-t~ern space defined by the set of quantities 

(Xl' ••• J X
K
). Ho wish to Gclect a set of features (Yl) .•• , y];.~) where 

}.i < K arid wh~rc each quantity y is linearly relatecl to the quantities ~, 
I. m \ 

I~or convenience ,.,0 will require the features Y to be uncorrelated in the m 
" _ ••• ' ..or". 

(2) 

'Where the inner pl'oduct symbo~ is defined for any two arbitrary quantities 

.. 

5A-l 

. . 

I 

1 8 
(u, v) =:s- E (B(uvls) - E(uls) B(vls») 

s=l 

The norm is, of course, given by 

(4 ) 
1 

Ilull = (U,U)2 • 

In (3), E(' Is) is th~ sarn~le average of property (.) over the utterances 

th 
of the s speaker and 8 is the total number of speakers. As a criterion 

of merit of a given feature set we will use the measure *.* 

where 

(6) 

, in ~'ihich 

2 = -8( .... 8--1-..)-
8 
l; 

6, s '=1 
8>6' 

An alternative e).-pres6ion for lw1(Y ) is 
m 

(8) 

where 

M(Y ) 2 8 m :.:: 8-1 l: 
6=1 

5A--2 
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0' 

c" -
, . 

6 ~ = E(Y Is) - E(Y ) 
G m ttl m 

where in turn 

'(10) 
1 M 

E(y, ) = ---8 ~ E(Y Is). 
m m=l m 

Either (6) or (8) Uk~y be employedj however (8) yTill be more convenient for 

our problem. 

The problem to be solved here is the determination of the best set of 

~eaturcs y. given by (1) using (5), combined wi~h (8), as a criterion of . m 
merit. The optimization procesS' is subject to the orthogonality, or un

correlatedness, condition (2). 

In order to facilitate the solution it is conveniGnt to introduce 

somewhat more abstract notation. We let 

(11) 

nnd 

(12) 

lottil1G 

X= 

Y= 

a :.: 
ttl 

(1) takes the forUl 

• • • 
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I ( "~,'; 
,.~ 

(14) 

We introduce the two KXK matrices 

D = 2 ~ 6s~ 6s~T 
S~l s=1 

and 

(.16) 

where 

0sl-f. = E(xls) - E(X) • 

In these terms (8) can be rewritten in the form 
T 

(18) M(Ym) = Bm D8.r."J 

and thus 

aT Ca 
m m 

M 
L; M(Y) 

1 m m= 

The ortHogonality, or uncorrelatedness) condition for the Ym's now takes 

the f'orm 

(20) T... I = a '" a m m = 0, m I tii I. 

'It is particularly convenient to IIpre-whitenll x-space) i.e., we 

assume that 
'0' 

(21) T' (x, x') ::: C :: I 
r .... .t.., 

where I is the I{XK identity matrix. This could be accomplished by a Schmidt 

process 

(22) 

including normalization. 
, T 

MaD eo 
M(y) = E m m 

m=l T. a, a ,m m 

Then (19) reduces to 

" 

~ 

.. 

~n~ (20) reduces to " " 
: .:. .; ~ .:.'~ .. ~ . 
,' .. . ; .... 

, , 

Our problem is now the maximization of (22) sUbject to the conditions (23). 

Let us consj.der the problem of determining the pl'incipal. axes of D. 

This is equivalent to determining the stationary points of 

(24) 

in the K-dimensional a-space. It i9 well ~~own that this is also equivalent 

to the solution of the eigenvalue problem 

Da = A: a 'J m m m 

in !l'hich case tIle stational'Y points lie along lines passing through the 

origin in directi~ns parallel to the eigen vectors a and the stationary 
m 

values of (24) are the correspondingeigen values ~m' It can be readily 

demonstrated that D is a non-negative definite real synillletric ~atrix. This 

implies that the eigen v~lues Am are real and non-negative and that the 

eigen vectors am satisfy the, orthogonality relations 

(26) T 
a a , = 0, m 1m'. m m 

Normalization is unnecessary in our problem. 
, , 

It can be shown that a stationury (Le., saddle point, maximum or mini

mum) value for ~f(y) under the side conditions (23) is attained if (but not 

only if) the am in (22) are eigenvectors of D, 1. e., they are 

5A-4 5A-5 
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repeating (15), it follows that any vector perpendicular to all of the 

o ~ is an eigenvector eorresponding to a vanishing eigenvalue. Since, 
,5 

according to definition (17), 0s~ satisfies the relation 

s 
(31) r: 0s~ = 0 

s,=l 

it follO'1-TS the.t there are at most 8-1 linear independent vectors 0sW 

Assuming that thel'e are exactly 8-1 linearly independent vectors 0 1-1, 
s 

it follO'l-TS that K ~ 8-1 and that these vectors span an (8-1) - dimensional 

subspace 1(. of the K-di~ensional x-space if K > S-l and all of x-space if 

K = 8-1. ?hus, R may be regarded as a hyperplane of minimum dimensionality 

that can pass 'through all of the class means 1-1 = E(X/ s) but ,fith the o:dgin 
..... ,,', s 

of x-space shifted to coincide w,ith the global mean E(x). AlloT the eigen-

vectors corresponding to nonvan·L~hing eigenvalues iie in ---R and conversely 

all eigenvectors lying i-di< have:nonvanishi~g eigenvalues. Thus there 

are S-1'eigenvectors corresponding to nonvanishing eigenvalues and further

more there are K-8+1:0fgenvectors perpendicular to ~ having vanishing eigen-

values. 

At this point we must consider M, the number of desired features, in 

relation to 8, the number of speakers. As before, we assume that there are' 

S-1 linearly independent vectors 6sl-10 There are th:J:'eedistinct cases: 
" ....... 

(a) l~ > 8-1, (b) M=8-1, and (c) M < 8-1. In (a) there are 8-1 features 

having posedb1e discriminatory power. These correspond to a m=l, ••• , m' 

8-1, in the subspace ~ spanned by the vectors 6 \.1, 5=1, ••• 8~1. s 

." 

5A-7 
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Therefore, there is no utility in 'd 
cons~ ering more features than those 

cot;lta. ined in t..rJ. I (b) 
K n case: ~ the appropriate c{.:)Urs~ of action is 

'obvious: one'simply chooses the' fe~ture's 

S-1, in 12 . 
corresponding to a 

m"' 
Here and in (a) it does not matter if the a are 

m not eigen-

m=l,. ••• , 

vectors of D as 1 . o.ng as they are mutually orthogonal. In cas e (c), we 
encounter a nontrivi~l problem, 

such that M(y) is maximized. 
namely choosing smaller set of a from~ 

m . 

(32) 

Since the am are ~n Y2, we write 

a = m 
S 
l; 

s=l 
0sl-1 b sm 

For convenience, we use the over-complete set 0 II., 
sl"" s=l, ••• , S, to span Y2 

Substitution of (32) into (25) yields 

.(33) 
S S 

S~1 °s\.1 [1'; Qs ,b, -'), b ] - 0 s'=l ssm 'm sm -

Where 

(34) 

Thus, a suffiCient condition for the 
validity of (33) is that the quantities 

in the square bracket 'h van~s , i.e. 
8 
l; Qss I b s 1m = A b 

s '=1 m sm 
(35) 

We then solve this t' 
eq'l'la wn for the eigenvalues Am and eigenvectors b • 

As before, ~e will imnose ~h sm 
~ • .t" (, e ordering 

(36) 
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Because of the relation (31) there i{ill be a vanishj_ng eigenvalue corres

ponding to an eigenvector in. which b is independent of s. Because of - sm 

the ordering (36), this case must correspond in general to m=S and thus , .. 

To obtain the optimal set of M features when M < 8-1 'We choose the 

eigenvectors b corr8sponding to the M largest eigenValues. ThUS, with sm 

the ordering (36), we choose bsl' ••• , bsMo The corr~sponding vectors a 
m 

are given by (32). The final features are then 

T '8 
y. = a x = I: 

m m s=l 
o T x b 

sI-L sm 

A final comment is concerned with the uncorrelatedness of y and y I' 
ill m 

m I m', as defined by (y ) y ,) = 0 and the Q~correlatedness as defined by m m . 

(38) 

where the global mean E(.) is given by (10 J • A Simple calculation :yields 

(39) 

! 8-1 +, -
·28 

Thus if (y m' Y m") = 0 and if' am and am' are different .~:~~envectors of D .. 

then [YIil" Ym' J = 0 also. 

. \ 

't;,'~;.l,{.' 
',-

.' 

~"'l~i;~' -"J; 

.. -' ~' .. 

\: 

1 

i 
I 

I 
.. , ~. • ~ •• ." ~ 1. 

STATIO}UffiY VALUES OF M(Y) 

Here we prove1that a stationary value of M(Y) is attained ~Nhen the 

a are indepe~dent eigenvectors of D de~~~ed by (15) and the stationary 
ill I, . 

value is the sum of the corresp0rl9.ing ei~Emvalues. The proof of the 
,~ " 

ab'ove assertion closely parc:.llelsthe theory of the K.8.rhunen-Loeve series. 

M 
(A-I) M(Y) = I: M(Ym) 

m=l : 

where . 
T a D a 

(A-2) M(Ym) m m 
= T 

a a m m 

The vector a defines the linear relation between y and x as fo1lOi'TS 
m m 

(A-3) T 
y = a x 

ill m 

III (A-2) ioTe have assumed that 

(A-4) 

Under this assumption the condition 

(A-5) 

is equivalent to the condition 

(A-6) aT a I = 0, m I m' , . 
ill ill 

i. e~, the vectors a are mutuallJr orthogonal. 
ill 

""', 

To simplify the investigation, let us introduce the orthon::>rmal 

vectors 

T 1 
b = (a a):2 a , 

m m m m 
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in terms of which (A-2) reduces to 

(A-B) M(~m) = bT 
D b m m 

The. orthogon~lity (A~) combined with the normalization inhr?ent in (A-7) 

leads to the neyT conditions 

(A-9) b
T b = ~ 

'
v " I)l m mm 

Using the Lagrange multiplier method for handling the side conditions 

(A-9) the constrained stationary value of M(y) is given by the uncon-

strained stationary value of 

. (A-10) 
M 

cP = L; b
T 

D b 
m=l m m 

'). ,bT b I" 
"mm m m m,m'=l 

Differention of cp with respect to each component of each b yields 
ill 

M 
(A-ll) Db - r; A b 

m - ill '=1 mm' m I , 

i , 
Le.,·.the set of vectorsbl , ••• , bIv1 forms an M-dimensional representation 

of D. In other words, the subspace spanned by the b is invariant to D, 
m 

i.e. f D applied to any vector in this subspace yields another vector in 

the same subspace. 

The corresponding stationary value of N(y) is 

(A-J2) M(y) 
M __ r; 

m=l 
A mm 

.This value is invariant to the transformation 

(A-13) b m 

5A-ll 

..... ......... 

i .. 
",. 

I 
I ·e. 
I 

I 

i 

I I . 

(A-16 

h U ·s orthog' onal matrix satisfyinl'l the conditions 'Were mm' ~ an I.::> 

M 
. (A-14) = 0 = r; U U m'mll m=l mlm m"m 

which insures the ~Ireservation of the orthonorrnality conditions (A-9). 

With the transformation (A-13) 

(A-15) A mm 

M 
r; U" A ,Um 'mil 
I' 11 1 nnn mm m,m ,m = 

However, from (A-14) we deduce that 

M 
r; 
I "1 m,m ,m = 

M 
= r; 

m,m'=l 

M 

A , rom 

M 
r; U "U, II nnn mm 

mil =1 

M 

= r; ~I 0mm' = E A 
m=l nun m,ml=l 

Thus proving our assertion. 

In particular, let us assume that~a transformation of the form (A-14) 

can be selected which reduces \mml to diagonal form. Let us imagine thut 

this has already bee~ done, in which case (A-ll) is replaced by 

(A-1T) D b = A b m m m 

where the A are the diagonal elements of the diagonalized A I - matrix. 
m rom 

The eigen\~lues A correspond 
m 

T 
shown from (A-1T) that bm bml 

to nontrivial solutions b f 0. It can be 
m 

= 0, m I mI. 'The normalization b; bm = 1 is 

easily achieved. The corresponding 
M 

stationary value of M(y) is of course 

(A-18) M(y) = r; A 
m=l. m 

It is easy to prove that if normalization is relaxed am can replace bm in 

(A-IT) • 
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APPENDIX 5B 

. 'EFFECT OF 'CORRELATION ON DISCRIMINATORY 'POWER 

Let 'the original feature set be xl' '."~. We now introduce the 

following notation for subvectors 

(1) f 
XCi) = x (scalar)' 

i 

etc. 

The discriminatory power Jf'the vector'x[ij} can be expressed in the form 

{ij} 2 
M(x )= N(N-l) 

N 
~ 

I 
6.,s=l 

, I 

S > 8 

, -1 
where N is the n~~er of speakers, C is the inverse of the class-averaged 

intraclass covariance matrix 

1 
C :: N !: 

8=1 

N 

5B-1 
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1 
~ 

~,-,." 
~ 

and where' 

(4) 

It is of interest to note,~hat (2) can be rewritten in the equivalent form 

~i(x[ij} = ~ ~ 0 ~(ij}T c-1 6 {ij} 
H-l s=l s 8~ 

'where 

(6) 

'Where in t.urn 

E(x{i j }) = ~ ~ E(x{ij}18). 
6=1 

The equivalence of (2) and (5) will not be proved here. 

It can be readily shown that if Xi and x. are tmcorrelated in the sense 
J . 

that G is diagonal or, in other terms, in the sense that 

(8) 
A 1 N 

(Xi,x j ) = N I: [E(XiX ,Is) - E(xi.ls) E(Xj Is) J = 0, 
8=1 J 

• then 

M(X{i j }) = M(x.) + M(~.) . 
J. J 

Thus) when'x. and x. are uncorrelated in the above sense, the discriminatory 
~ J 

power of x. and x. combined is the sum of the discriminatory powers of x. 
~ J ~ 

and Xj separately. When x. and x. are correlated in the sense that (x.,x.) 
. ~ J J.. J 

does not vanish, then J9) must be rewritten with a correction term, n~ely 

(9a) 

Thus G(X(i j ))is increment of discriminatory power added (or subtracted, 

5B-2 
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if G(X[i j
}) is :Jegative) by the combination of xi and Xj relative to the 

discriminatory powers contributed separately ~y xi and JCj • It can be 

, used as a redundancy measure with increasing redundancy corresponding to 

increasing negativ~ values of G(x[i j
}). .' 

I 

i 

To obtain an e:x:p~icitr ex:preEision for G(x(:i,j}) 1-le first obtain 

( 

M(X[ i j }) = 

(10) __ 1""-2 (M(X
i

) + M(X
j

) - 2 c
ij 

Yij Ml(x
i

) M~(Xp) , 
l·'C

ij 

where 
(Xi,x

j
) '(xi II-lllx

j 
11-1 

[ ~~:i ~ I , 
. , 

(11") 1 
:: (Xi', Xj )2 , 

1 . 1 

~ 
L:( 0s\-1j)2 ) ~ (12) y = E () () s 11 j (~( 5 s I-1:i. ) 

2 
) 0 ij s sl1i s 

The quantity cij is called the intraclass correlation coefficient (class

. averaged, of course), and it meas~es. the correlation of Xi and Xj ,.,lthin 

. classes. On the other hand, y is 'called the interclass correlation co
ij 

efficient and this !quantity measures the correlation of x. and Xj among 
1. . 

the classes. 

We finally obtai'n 2 

G(x[i j l) = cij _ 

1-0 .. ,2 
ij 

(13) 

~Cij "ij 
. 2 
l-C

ij 

( M(X.) + M(X ») 
,J. j . : 
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It is to be noted that G(x[i j
}) can be either positive or negative. 

Several properties are to be noted: 

(a) If c .. = 0, then G(xfij }) = 0, as one would expect. 
l.J 

(14) 

corresponding to an improvement of discriminatory pavTer by considering 

xi: and Xj together. 

(c) 

then 

M • 
o 

l-e and y .. 
lJ = l-~ where o<e) n« 1, 

This result gives the limiting value of G(x[i j }) as Xi and Xj approach 

linear dependence (except for an additive const:1.l1t) under the restrict ion 

• M(xi ) = M(xj ) • 

Clearly, there are many more properties that can be enumerated. 

It is perh~ps puzzling that the correction term G(x[ijl) can be either 

positive or negative. To proyide further insight into this question we 
consider the follovling example. Let us assume that 

(16) 

where u is uncorrelated with Xl) i.e., 

5B-4 



It is easy to show that 

where, of course, 

M(u) - ~ - N-1 

where in turn 

~(6 SV'
U

)2 

, lul1 2 

(20) 5 ~ = E( u Is) - E( u). s u 

We also obtain 

(21) • 

We are interested in investigating the behavior of 
I . 

(22) 

G(X(12}) = M(x(12)~ - M(x1)-M(~) 

= M(u) - M(X2) • 
" 

" 

In general, it is easy to see that G(X{12) is positive if the discri" 

minatory !lower of u, the part of Xl representing new information, is 

larger than the discriminatory pmrer. of ~(= axl+b+U) by itself~- and 

vice versa. 

In the special case in "rhich 5 lJ.o = 0, i.e., the discriminatory pmvel' of s u 
u is zero, we obtain 

513-5 

-

On the other hand, in the second spec ial case in wbich & u.. 0 i 
- S'.L=' .e. 

the discriminatory power of Xl is zero, we obtain 

[ a.
2 11x 112 

(21~ ) G( x 12}) = --.:...--1:.."","=",", __ ,_ M( u) • 
. a~II~112 + IIull2 

In the first case x2 is a redundant vuriable Since the term u, repre

sen.ting ne,V' in;t;'orU'.ation, has no discriminatory pmver and thus it is 

obvious that the cor:rl;!ction ternt G(x(12) should be neGative. In the 

second case 'in "Th1ch U has all the discrimin::. .. tory pOi.rer, M(~) is 

smaile ... ' than M(u) because ~ is contaminated with Xl which only adds 

noise. Thus H(X2 ), ifJ a.n underestima'l:;e of M(X(12) and hence G(x(12) 

is pOE:,1itive. 
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APPENDIX' 5C , .' 

THE SCIDIIDTPROCESS IN FEATURE SELECTION 

. i 
I 

I , . 

" 

Let us define the inner product of two random variables u and v by the 
expression 

(1) 
1 N 

(u, v) = -N ~ E (~ ~ vis) 
s=l S s 

and the corresponding norm by 

/lull = (u, u)~. 

In (li N is the number of speakers, s is the .peaker label (s = 1, .," N): 
E(o Is) is the sample average of (0 ) over the utterances of speaker sand 

'(3) ~s(·) = Co) - ~ Co !s). 

Now suppose that we are presented with the set of features xl' "'} ~r 
which in general are not uncorrelated. He vrish to find a second set of 
Uncorrelated tram;formed features Yl' •. " Y

M
, where 

M 
(4) Ym = I: a 1 x l' 

1 l'mll ill m =1 

In terms of the definitions of the previous paragraph, the term "uncorrelated" 
in the present cbntext means that 

! • 1 
(Ym' y 1) = 0 ~f ill f m , 

ill 

Clearly, \,.11e problem of finding a set. of uncor2:'elated variables y does 
not have a unique solution, m 

However, if the featur~s Xl' '.'" J) are ordered according to some rule, 
1'0: example, in ~cc~rdance-~vi th t~elfr individual discrimina:;ory pO\Jers 
(w~th the larges"G f~rst), then ,'re 'can apply the Schmidt process I,d th uniaue.> 
result.." This process 'is the follo,.,ing: , .' - ,:, 

5C-1 

f; 
1 I 

! I 
J' 

II 
~! ~ 
l~ II 

II 

I 
i 
I .. 

i 

• 

y '= x 1 1 

(6) 

such that " 

':". 

m-l 
~ b 1 x 1 

m1=1 rom m) 

•• tt , 

., .. " 

m-I. 

' .. . . , 

A('tual1y, the process can be considerably simplified by rewriting 
equivalent fonn 

Y1 =x 1 

i , 

(6) in the 

Yt"J = x2 - c21 Yl 
. , 

c; 

(8) 

. m-1 
~ c , Y 1 

m1=1 rom ..... m 

Application of the orthogonality (uncorrelatedness) conditions yields 

(Ym,Y 1) = 
m c 1 

rom 

" 

50-2 
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~ 

" 

Thus, we f.inally obtain. 

( c2l = (x2, Yl~ II y 111 

(lOa) 

I 

c3l = (x3' Yl ) II y2 11 
I 

,:'\, 

C32 = (~3' Y2) 11 Y211 

-2 

-2 

-2 

. and, in gene:r:.al, 

(lOb) 

The 'above is not the only orthogonalization process that one may encounter 
in feature selection, For example, in some cases one may, wish po orthogo-
nalize x with respect to a given set offeatures x., ie~ , mii7 More 
specific~lly, \V'e i'lish to find J. 

such that 

(12) 

f The result is 

(13) 

~ d, X. 
iE,$ mJ. J. 

( )-1 ( ) where x. l ' xi is the matrix inverse of x. l ' xi ' 
J. J. 

'No matrix inversion is .. involved in the simpler problem of orthogonalizing 
x '\ "iith respect to the set Yi' ie>B. He assume also that X ca.nnot be 
ekpressed as, a linear combination of the y., He i'll'i te m 

J. 

(14) 

5C-3 

\ 
I 

\ 
I 
I 
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, 
r 

It~ of course, ~ollows from the previous assumption thaty cannot be 
~ressed as a linear combination of the Y

i
, We then requTre that 

, (15) 

wi th the result 
, " 
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, 'APPEN'DIX5D 

. 'FLUCTUATION OF SA}IPLE VARIANCES 

,' •• ': • 0' 

fn examining hro subsets of data base II, it was found that the inter and 
intra sample variances ~.,ere not as consistent as one ::night expect" It is 
thus of interest to consider the effect of sampling fluctuations based upon 
a model parent population. 

", 

Let us assume that the parent population is described ,,?y the stochastic 
process 

, Xsn = Ys + Zsn; s=l,o.".,S; n=l, •• e, Ns ' (1) 

where x is a possible value of a given feature for a specified event and 
triad (~l Q~derstood)Q It is also assumed that this quantity represents the 
nth sample from the sth person. Ti'TO ir.rportant model assumptions are: (a.) y 
represents the Itintrinsic" behavior of the sth person and is independent of S 

n, while z represents the deviation associated ~"ith the nth sP.t:lple; and (b) 
Y and z sRre Gaussian random variables with the properties s sn . 

1Qy's = J.Ly 

Ez = 0 sn 

2 ' 
E"'" "~7' - 0' c5 

U.J s'-V' S I - Y ss' 

where 

6(e)=(.) 

.. " . 

(4) 

5])-1 

i,*e., the deviation from. the parent population mean. A further, rather 
unimportant assumption introduced for the sake of analytical convenience is 
that Ns' the number of samples for per~,~~ s, is independent of s, 1. e., Ns = N. 

o "':~'c ' 

Here we define the inter sample vdJ:~'iance by 
I :"P" 

2 1 S 2 
,. L (x' ... i) = S-1 s=l s 

where 

N 
x = ! L:x 

s N n=l sn 
(6) 

and 

S N 
.1 1:: L: x 

x = SN 'sn' 
B=l n=l ::1 1 

,,'J' 

'llie intra sample variance is defined by 

2 1 
S N 

- )2 w = SeN-I) L L: (Xns - xs o. 
s=l n=l 

(8) 

The mean (in the parent population) of ,.2 is 

and thus ,.2 is not an unbiased estimate, since it picks up sane extra 2 
. variance from tlle fluctuation of x. TIle mean (in the same sens,e) of w is 

s 

(10) 

and thus w2 is indeed an lUlbiased estimate ,Otf O'z 
2 

• 

... ... 

5D-2 
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• 

We turn now to the computation of the V'aJ:>iance (in the parent population) of 
T2 and w2• A tedious calculation based upon the ~bove assumptions yields 

'2 2 1:2 2 
Var 'I' ;:: s:r (E 'I' ) (ll) 

:2 :2 f '2:2 
Vax W :::: n~-l)S (E UJ ) • (J2) 

It is of' interest to note that the relations betw'een the variances and the 
means are ind.epend.ent of ~ , a 2 and a 2. . 

Y Y Z I . 
Let us consider samules from t~-lO id.entieal uouulations 1 and :2 yielding the 

. 2 2 2. d. 2 U h th t s8;m:ple varJ.ances '1'1 ' '1'2 ,wl an w2 '. we can SOH' a 

and 

Std (w
l

:2 ... W2:2) 

E (illl 
2 

+ ill2 ~ ) 

1 :: 

1 
== --;:==-

IIj(N_l)S 
(14) 

More accurate formulas may be obtained by expanding the d6nominators of 
the Lho sides with respect to the deviations from their means. \'/e make the 
assumptions (a) that 'the standard de'riations of 'i'

1
2, 'r'd, 2, w,:2 and ill22 are small 

compared ivi th their mean~,; and (b) that the corresponding probabili I:.y densities 
a.re nearly Gaussian neal"' the means. He nmT obtain the more accurate results 

"( 

Std Cl: -~2:) ::::.: 1 
(1 + 2(~-1» "Fs:i '1'1 + '1'2 , 

(15) 

Std (Wl: -W2:) ::.. 1 
(1 + :2(N:l)S) .J(N-l)~ (1)1 + UJ2 

(16) 

, 

5D-3 

neglecting higher inverse pmlers of 8 .. 1 and (N-l)8, respectively. 

Since these results i.e., (13) - (16), are independent of the feature under 
consideration, i'Te c~ estimate the above standard deviations by, perfo:ming 
appropriate averaging over the features., ' . " -
Such estimates are compared -with the theoretical results in the table belOW, 

Estimated Theoretical 
Ca.se From. D3.ta Approximate I l·Iore Accurate 

Inter 0.1334 o.ll62 (13) 0.n86 (15) 

Intra 0.0673 0.0516 (14) 0.0518 (16) 
.. .. 

Here vIe have used the va.lues 8 :::: 75 and N = 6. In the table, the numbers 
enclosed. in parentheses refer to the equations from '\olbich the quantities to 
the immediate le:t't of the parentheses are computed. 

From these results one can conclude the actual data are roushly consistent 
wj.th the assum.ed model population and that hence the a~parent lack of con~. 
sistency bet'..reen the st1.bsets of data baSe II is approxJ.mntely 'vhat should oe 
expected. 

\ I 

, . , 
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Appendix 7D'. 
t 

Discussion of One Possible Interpretation of the 
Statistics of the Scalar Similarity Measure S 

For a particUlar operational speaker comparison, we consider the 
vector cp de:f'i:ned by 1 , 

~:. (1) rp ={ (De r es$e} 
t. • 

where ~e is the set of phonetic events available for one-to-one comparisons. 

We will assUUle that cp is a colu.tnn vector and thus the tr~nspose cpT is a rOl., 

veQtor. The dimensionality of cp is Ne ; the nu.~ber of members of ;teo 
Now let us. consider tlVO classes of compar.f.son situations: namely, 

class 0, in \.,11ioh the 'bl-iO speakers are different people and class 1, in w11ich 

the tlo70 speal\ers are the same person. A simila.ri ty measLU'e is a function of 

the observed vector q; that gives an indication of hOI., similar the t~.,o speakers 

are" i.e., hOI" likely, in some sense, cp belongs to class 1 or conversely hm-I 

unlilcely, in the same sense, it belongs to class O. One similari'by meaSLU'e 
accessible to us is the likelihood ratio itself, that is 

(2) Sl ((OJ = ~f8l . q(D/?y 

This measure clearly ties in with an orthodox decision -cheoretic treatmen'b in 
which 011e woUld usc the decision rule: 

51 > A. = tl.,O: speakers are the same person, 

Sl < A. = t\-l0 spea~~ers are not the same person,. 

I • 

where the 'chreshold A. depends upon the loss function and upon the a priori 

probabilitieG of existence of each of the tl.,O classes.' AlternatiV;lY, A. could 
be adjusted according to experience 'and subjective ~udgment. 

I 
I • 

In assessing the deficiencies of the similari'ty mea~ure Sl' Iole must 
consider whether one intends to use a parametric or nonparametric approach to 

the cletermination of p(~lo) and p(cp 11) fro:n training data. In the nonparame;,(jric 

approach, one encounters the danger of a~ce~sive sensitivity of these probability 

denGi ties t,o sampling fluctuations in the training data (i. e." the variations due 

"{B-1 

• 

to differences between sets of data randomly sampled from the same parent 

population). With the training de,ta set accumulated in the l3ASIS progrsln, 

the sensitivities of p(cplOl and P(cpll) (particularly in the latter) to 

salnpling fluctuations are excessive using any of the well kn~v.n methods of 

nonparametric density estimation (e.g., Parzen). 

If a parametric approach, involving a sUfficiently limited set of 

parameters, can b~ employed in the determination of the probability densities, 

then the sensitivit~' to sampling fluctuations may conceivably be reduced to an 

acceptable level. For example, if p(cpIO) and P(cpll) are nearly Gaussian, the 

set of parameters involves only the t'-10 mean vectors E(cplo) and E(cpll) and the 

two, covariance matrices cov(cplo) and coV(cpll). The same quantities are involved 

in same similarity measures derived with the indirect approaches to be discussed 

later. Thus, in these later measures, the insensitivity to sampling flUctuations 

is about the same as in Gaussian parametric treatment of likelihood ratio. 

Even though the sensitivity to sampling fluctuations is reduced to a 

satisfactory level, there is s'cill the question of hml "lell the parameterized 

probability densities can fit the true functional forms of p(cpIO) and P(cpll) 

that could theoretically he deduced from an infinite set of training samples. 

It should be interjected at ,this point that "That really matters for our pw.'poses 

is obtaining a good fit in the neighborhood of the overlap of p(cplo) and P(cpll). 

It is clear that insensitivity to ~ampling fluctuations and goodness of fit with 

few exceptions are, antithetical properties -- the more you have of one preperty 

the less you have of the other. This is a direct result of the fact that, 

generally speaking, the insensitivity to sampling fluctuations decreases and the 

goodness of fit increases ,.,ith increasing nu.~bers of parameters and vice-versa. 

A fortunate exception is the unlikely case in \.,hich the true probability d~nsitias 

are very 'vell approximated by parameterized probability densities ''lith satisfactorily 

small sets of parameters. 

In computing Sl' there are several ,-rays of dealing ,,,ith the multiplicity 

of sets of available phonetic events Po" If, for example, p(cplo) and P(cpll) ,.,ere 

nearly Gaussian, one could determine E(~lo), E(cpll),·-Cov(~lo), and Cov(cp!l) in 

real time by extracting from the stored, previously computed, mean vectors and 

covariance matrices corresponding to the maximum possible set of phonetic events, 
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the subvectors and submatrices correspondinJ to ~e. From these one could 

compute p(~lo), P(~ll) and finally Sl(~)' all in real time. Unfortunately, 

there seem to be no reasons for supposing that p(~IO) ~d P(~ll) are nearly 

Gaussian. However, this question should be investigated further. 

If p(~IO) and P(~ll) are not nearly Gaussian, which appears to b~ 

likely, one is confronted. with (a) storing the probability densities for the 

two classes and then integrating these dO\in to p(~lo) and P(~ll) in real time, 

(b) storing p(~\O) and P(~\l) for all of the possible sets ~e' or (c) the 
application of a cluster e:h.'"'Pansion technique which we "Till describe in general 

ter.ms. First, we must introduce some additional notation. Let ~ eel ••• denote 

the vector with only the components ~~, ~el' ••• present. In particular, we can 

write 

le'l _ ( )T_ 
~ - (lie - ~e 

,. 

lee'l ( )T 
tp = CPe' ~e' 

fee/e"l T 
cP = (<Pe' CPe" CPe II ) 

,etc. 

NOW, let us consider a function F(cp) where ~ is defined by (1), i.e., 

its components are labelled 'by indices e belonging to~. :it is understood 

I that the functional form of F(.) depends upon the components present in~, that 

is upon the set ~e. It is further understood that ~he functional form of 

F( cp {el ) is that of F( Cfi) ~vhen.$ contains only the single event e; that the 
ee t e ~ 

functional form of F( ~ ) is that of F( ~) \vhen CJ e contains cnl~ the two 
events of e and el; and. so on. The cluster e~pansion can now be defined as 

follo~vs. Let 

F( )' = /: G + 
cP e e#e e 

r. G + 
e,e/epe ee ••• 

e> e' 
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1 • 

! 
1 

I j 
I' , . 

where 

(6) 
F( lee '! ) = G + G + G I 

tp e e ' ee 

etc. 
, , 

We then obtain 

G == F (cp Ie} ) 
e 

(7) (}ee I = F '«(1) lee'l ) - ]'(cp lei) - F(CI) leiI') 

etc. 

The value of the cltlster expansion is that, if) for example, the third. 

and higher order G flllctions are negligible J then the first and second order G 

functions are building blocks from which F(cp) for any $e can be built up. If 

there is a maximwn of ten possible phonetic events, then it will required 

10+~(10)(9) = 55 G fUllctions to build up any of the different functions F(\fl) 

corresponding to 1023 pOSSible- sets ;fe> 
Based upon some preliminary analytical investigations, thet'e is reason 

to expect that p( cP 10) and p( cp \1) might be developed it1 cluster expansions \-1i th 

,negligible error entailed in omitting third and higher ol~de:c G functions. For 

a maximu.rn of ten. possible phonet:i.c events there \-Tould be 110 G functions (55 for 

each class). 'll1eEle could be stored and for a. given $ e' the similarity measure 

SJ. (cp) could be computed in real t~.me. 

It is not necessary to confine the definition of likelihood ratio to 

the case of probability- densities on the full vectol~ cp - space. On€' may conGider 

a scala:..'" function t\r, namely p( V! 0) and p( * 11) • One could ;ihen define 0. secolld 

similar:i.ty measure 

(8) 

where '* == $(q;) and "There cp is the observed value of cpo 



~ .. ,. 
~ 

Still less sensitive to sampling ~luctuations is the following 

similarity measure 

I 

where F(vlc) is th~ cumUlative distribution for class co 8ince V increases 

as we proceed from the mean of 1\t in class.l to the mean ~f Win class 0, 
~ . ~ 

l-F(~ll) is the probability that in class 1 ~ lies to the right of 0/ e~d 
~ ~ 

F(1jt\O) is the p~obability that in class 0 1jt lies to the left of 1jt. 

~le problem of dealing with the multiplicity ~f sets ~e is the same 

for 8
3 

af! it vTaS for 8
2

• 

If 0/ lies between the class means E( V \1) and E( ~ \0), the cu.rnulati ve 

distributions satj.sfy the generalized one -sided Tchebychey inequalities 

(10) 
l-F(1\t.ll) ~ ~+ Vo.r0'llr

l 
C¢-E(v 11 ) 2J-l 

FCW'IO) " ~ + Var(~ 10)-1 r. - E(I' 10) 2j1 

Using the definition of v, (9) and (10), ~.,e can re\.;rite the abo'i,1 inequalities 

in the forms 

and 

1 - Fcrl l ) . :"1 

" r;'(1-s )2 o&l Cov(co\O)-l Cov(~ ~l) cov('f\of
1 

6F<!>] 

F('fIO) ~ . . 
r, 2 T ( )-1. ]-1 ~+ B 8~ Cov ~IO 8~ 

""' I ,~ 

- E(~ 11) 

aE(.) = E(. !O) - E(. \1) 

. 1 
I 
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1 

I '. 
t 

1 
! 

1 
, 1 
I 
1 

I 
1 • ! 

1 
1 

J 
\ 

1 
I 

I 
1 

1 

lliese upper bounds, besides bej.ng useful in themselves 1 previde the 

possibility of a l~th similar'ity measurE;; given by the ratio of the upper bounds 

to numerator and denominator of (13), namely, 

~lis is clearly an ih~lrect approach since only the vector means and the 

covariance matrices of cp in the two classes are required. It is probably the 

least sensitive to samplL..d flUctuations of all the similarity measures 

considered so far. However, 84 can be criticized on the grounds of accuracy, 

since the ratio of the upper bOllilds of 1~F(111) and F(1Io) can hardly be 

regarded as a good approximation to the ratio of these quantities themselves. 

It should be remarked that (16) provides a rigorous uppc~ bound for the linear 

discriminator optimized at low false incrimination probability. 

'lhe problem of dealing vTi th the multiplicity of sets is rather e 
simple in the present case. Undoubtedly, the best procedure is to calculate 

84 in real time. One \·rould store the values of the components of BEep = E( cp \0) 

E(cp\l) and the elements of the covariance matrices cov(cpIO) and Cov(cp\l) for 

the maximum possible set of ~~onetic events. In the real time situation, one 

would pickkout the subvector and submatrices corresponding to the set ~ e of 

available phonetic events and then comput~ 84. 

A fifth and final similarity measure is S itself, namely 

= E (W '2..4-.) _-_?;',,-'!J __ 

E(~IO) E(vl l ) 

lliis measure possesses about the same degree of insensitivity to sa~pling . 

fluctuations as does the previous m.easure. The multiplicity ~f 1'e should be 

hanelled the same \-ray in this case as in the case of 84 • 
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We turn now to an evaluation of 82 and S3 in terms of the c:t'iteria 

we have formulated above. In terms of criterion (a), aealing 

with 1ncenaitivity to sampling fluctuations, 83 is 

quite satisfactory fOr the training da·ta set presently contemplated. This 

is beca.use of the ocalar nature of the variable 'Ir and because of the .inte

grationo implicit in the cU!J1u1a't~:i.ve distribution functions. lfuere is also 

the caucation of the sensitivity of ~ itself, since according to (3) its 

def:l.n'ltion dependc upon the training data. set. The principle tsource of 

senoitivity is probablY the inverse covarianca matrix Cov(~IO)~l. Since 

the nrunber of training samples is many times larger than the dimensionality 

Of Cov( Q 10) (at most 14, the maximum number of phonetic events to be 

conrJide:t'ed.) 1 it is expected that the sens·.i:tivity of Cov( iii 10)-1 to sampling 

f'luctuo:biono i·rill usually be low. The sensi ti vi ty of S2 will also be some

What la:t'ger than that of 83' since the numerator and denomenator of S are 

the (le1'1 vati veo ( with a change of sign in the nu.rnerator) of the numer;tor and 

clenominutor of S3. It is, of course, assumed that the numerator and denomin

l.1:bor at S3 have been appropriately smoothed. It is clear, hm.,ever J that the 

c1iffc:t'oncc of sensitivities of S2 and S3 ,.,ill become l.U1important if very large 

training sets are available. 

" 
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With respect to criterion (b), dealing with convergence as the 

training set becomes large, the measure 8
3 

is certainly satisfactory, 

as long as the training samples in each set are representative of the 

parent population. The same question applied to 82 has an answer that is 

,also dependent upon the smoothing procedure for the cumulation distributions 

or, equivalently, the method of determining the probability densities. If 

any as~nptotically correct method (e.g., Parzen) is employed, then 82 ~ill 

converge properly. 

In the case of criterion (c), concerning low false incrimination 

probability, the evaluation of S2 and S3 reduces to the evaluation of ~ 

itself. The use of Cov (~lofl in (3), instead of the matrix invel';:;6 of 

sane average of COY (§ I 0) and cov (ip \1), is intended to make ~ a better 

discriminant function for a low false incrimination probabilities. This 

assertion is supporte~ by the c~~putation of certain properties of ~ fram 

the training data. 

Referring urn., to criterion (d); dealing with subjective.elements, there 

i8 some subjectivity in the choice of ~j hm/ever, this can be ~eliorated 

by comparison with alternative choices to demonstrate the superiority of. our 

choice here. Aside from this question, th~re are no subjective elements, 

except for same relatively inconsequential smoothing, in the similarity 

measure 8
3

• In S2' the methcx:1. of smoothing (or, equivalently, the methcd 

of density determination) is a relatively sensitive matter and thus the 

... 
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subjectivity associated rr.i.th the choice of a smoothing method is of 

possible consequence. It must be emphasized. tha~ one would expect the 

Gubjectivity associated rr.i.th smoothing in either 82 or 8
3 

to beccme 

un1.mportant for large training sets. 

considering, now, criterion (e), relating to acceptance of subjective 

elements, it can be stated that our choice of 'l', namely the Fisher dis

criminant, is so conventional and rr.i.dely known among workers in automatic 

pattern recognition and in lnath~tical statistics that serious criticism 

of its use is unlikely, especiaJ~y if a favorable comparison rrith alter-

native discriminant functions is presented. The subjectivity in the choice 

of (\ ~ethod for d~Q!1.J3i ty determination for 82 can be made acceptable by 

employing a sufficiently rTell knmm method (e.g., Parzen). 

In reeard to criterion (f), concerning usefulness to the low enforce

ment corrnnuni ty, it can be sll:i.d that neither 82 nor 8
3 

is complicated to use, 

each being a single scalar quantity.. There are, hmTever, sane subsidiary 

questions: Namely, what are large and small values of 82 and 8
3

, and how 

do we determine these for various sets q3'e of available phonetic events? 

These questions are discussed in adequate detail in 8ection 4. 

~{1he final criterion (g) deals with the p:t'Qblems of calculating the 

similarity measure for 

of 10 phon.etic events, 

a mul tiplici ty of sets $.. In the case of a maximUm e 
10 there are 2 - 1 = 1023 different possible sets ~. 

8ince S2 and 8
3 

are functions of the single scalar variable 'l', it appears 

practically feasible to compute 82 or 8
3 

as a function of 'l' in advance for 

all possible sets~, store the results and then retrieve them in real time 

as needed. If the ~~imum number of phonetic events is substantially 

larger than 10, other approaches must be considered. 80me of these are 

currently under investigation. 
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In view of the above discussion, we recommend using 8
3 

defined by 

(1), with the set of training samples conten:plated for the innnediate 

future. Hhen a sufficient set is available in the future, it is appropriate 

to consider switching over to 82, defined by (2). This last measure is 

more satisfactory in the sense that it fits into the frarnei'TOrk of decision 

theory. In t.he last case one may, of course, use _both 82 and 8 3· 
In the last paragraph and in several previous ones, we have used terms 

such as sufficiently larr.:;e sets of training samples. To give these terms 

quantitative meanings in certain contexts, one must conduct an investigation 

of the effects .of sampling fluctuations on quantities like 'l', S2' 8
3 

and 

perhaps on the confidence measures discussed in the next section. Such an 

investigation :-Tould entail several manmonths of effort and thus it must be 

plrulned for same time in the futUl~: if it is to take place at all. 

It should be noted that 8 and 8 are not independent. 
2 3 In fact, since 

they are both monotone' functions of the single scalar variable 'l', they can 

be put into one-to-one correspondence. It is possible to derive a 

differential equation cormecting the two, as rle now shmT. For notational 

convenience, let us write 

(4) 

In these terms we can write 

(6) 
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and 

not" regarding Po as the independent variable. He then obtain the result 

(8) 
- S 2 

with the boundary condition 8
3 

::: 0 when Po ::: 1. If we lmow S2 .in the 
"',...., I">J 

inte:rval [p , lJ, where P is the value of P corresponding to 'f, 
00 0 . '" ,.., 

then 

we can compute 8
3 

(12) ::.: 8
3 

(po) 0 Conversely, we can ccmpute 8
2 

knmring 83 
if S3 ha.s been appropriately smoothed. 

,9onfidencc 1.!castlres 

!l.1bere arC several kinds of confidence measures of concern to us: 

en) A confidence measure indicating the level of credibility to 

For attach to the value of 8
2 

or S3 for a given observation. 

example, if S2 exceeds a certain threShold) presumably implying 

that two speakers are the same person, to what degre~ should one 

believe in this conclusion? 

(b) A second confidence measure indicating the average decision 

errors for a large number of independent observations. This is 

useful in assessing the perfol~ance of a given setq)e of avail

able phonetic events and, for a given $, the set features, e 

distance measures, etc., chosen • 

, 
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(0) A third confidence measure reflecting the possible errors due 

to sampling fluctuations in the training set. Expressed in 

other rTords, this measure should give an indication of the 

probability of a decision not being wrong because of an 

unrepresentative or biased sampling of speakers hl forming 

the training set. 

In the ensuing paragraphs, we derive suitable versions of the first 

two measures described in (a) and (b) above. HO'h'ever, the third measure 

described in (c) requix'es a thorough investigation of its own, as indicated 

in the last section, and, for this reason, further discussion of it will be 

given in a later IL. 

To get at ~he question of confidence measures of the kinds discussed 

in (a) and (bL it is appropriate to consider the SASIS probleI:l in a decision 

theory context, even though a definite classification decision is not required. 

'" Here, the problem is to find e, decision function c('i') 1,rIiich equals 1 if it is 

decided that the obserVed value of 'f implies class 1 and which equals 0 

otherwise. The problem of decision theory is to optimize the functional 

ror.m of c(o) according to some criterion. In Bayesian decision theory, one 

'lses the risk as the criterion, where the risk is the mean of a loss furiction 

.mumerating the rewards and penalties for right and wrong decisions. 

Here, we ~ll consider the typical loss function 
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whore 'C is an abbrevia ti on for "'c!1¥). Th 
\ I is loss f"Ll.nction entails a penalty 

I 

of 1..0 if i1; is decided that the class is 1 ioll1en it is actually 0 and con-

versely a :I?enal ty 9f Al if it is decided that the class is 0 l-lhen it is 

actually 1. Correct decisions correspond to 0 penalty. 

~he problem of choosing the weights 1..0 and Ai lies outside of the 

danain of decj.sion theory. In the present case, it depends on value 

judgments of law enforcement orga~izations, the c~u;ts and ultimately 

society on the tolerable balance of the probability of the two kinds of 

classification errors, i.e., false-incrimination and false-exoneration. 

To o~tj.1uiz~ the functional fom of c, we minimize the risk 

(2 ) R :: ~(c/c) 

whore now c is rerrarded as fu t· 
b a no ~o~ of the random variable ~ (whose 

Dtatistical properties are determir.ed by a. seti of training samples) a 

mathematical model or both) instead of the observed value 11. The solution 

is obtained by considering the conditional risk 

(3) 
R(I~) = E(LI~) 

in which c can new be regarded ,I at a number sJ.·nce .t 
J. s argument has been , , 

fixed by the condi t:i..olli11g. Minimizing R(I'1') on the value of c for each 
value of ~ 

is equivalent to minimizing R on the functional form of '" ('i') . c • 
(l"l1e result (in terms of the observed '1') is 
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C ('i') = 1 if A ('f) > e 
(4) ,..., 

= 0 if A('1') < e 
" 

where 

,..; 

A('l') 

is the likelihood ratio and where the critical value e is given by 

(6) 
Aop(O) 

e = AIP(l) 

The quantities p(O) and pel) are the! £rjori probabilities of classes 0 

and 1, respectively. 

,As in the case of X~ and Al , the choice of the! priori probabili'cies 
, , ,0 

p(O) and pel) lies outside of the danain of decision theory. In the present 

SASIS problem, p(O) and pel) are really not knorm. Calculating p(O) and 

pel) fram the number of training sets in classes 0 and 1 is spurious. To 

ansrlp.r this question in a meaningful. way one should undertake a kind of 

demographic modelling of criminals and suspects in a manner appropriate tID 

the urban area of concern. In any case for the decision rule, only e defined 

by (6) enters the procedure and thus the separate determination of 1..
0

' 1.. 1 , 

p(O) and P(l) is unnecessary. It may work out that e will be determined b~' 

court cases and the precedents thereby established. 

In deriving the optimal decisioll rule, we have used the relation 

p( I\!:) - p('1'\c}p(cl 
c I - - p(Y) 
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In Fieure 1, we plot p('!' \ c) vs if with c = 0, 1 fo~ a typical' case. In 

Figure 2, 1'0 correspondingly plot p(CP,/) vs if with c = 0, 1 for the same 

caoe. ~le curves in these figures do not represent actual data. It is 

to be noted that in the case illuatrated p(o\'i') -+ 1 as 'i' -t 0) and p(ll'i') -t 1 

as 'i' -t .. C) (or whatever the 10vler limit of '!' is). Thus, functi ons appear 

superficially sitnilar to F('i'l 0) and 1 - F ('i' 11), but are ,really different. 

The optimal conditional risk is then given by 

Ropt(I'l') = ~oP(O\'l')l(I\('i') - 9) 

(8) + AI P(1!'i')1(9 - I\('i'» 

=: .Min (A 0 P ( ° \ '1'), '" 1 P (11 'i' ) ) 

where lex) is the unit step function defined by 

lex) = 1, x ~ ° 
=: .0, x < 0 

and where the syt.nbol Min(x,y) denotes the lesser of the two quantities 

x and y. R(!'i') io illustrated in Figure 2 by the heavy curve (with "'0 = 

"'1 =: 1). The optimal risk is given by 

R t =: J d '1' R (I'i')p('i') op op 
.. 0) 

0) 

(10) =: S d l' l'lin(",op(o,'i'), t'lP(l,'i'» 
.. 0) 

0) 

=: -! A pee) +~ A pel) -~ Jh d 'rIA p(o,'i')- AlP(l,'i')1 
o 1 .' 0 , 

- 0) 
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In deriving the last line, we have used the identity 

(ll) 
. ; 

I 

Min(x,y) = ~(x + y - Ix-y[) 

The Joint probability p(c,'i'), c = 0,1, is, of course,. defined by 

p(c,1') = p(c)p(Tlc) 
(12) 

=: p(1' )p( c 11') . 

In this paragraph, we have written the equations in terms of 1'; we cruld 

Just as well have written them in terms Of~, the actually observed value 

of'i'. This remark also applies to the results in the subsequent po.rac;raphs. 

. In the simple case in which A('1') > 9 corresponds to the region 'i'<'i'* and 

conversely A('i') < e sorresponds 'bo the region 'i' > '1'-)(', the deci~~ion rule can 

be rewritten in the form 

Clearly, the decision point 1'* is given by 

(14) A (1',x, ) =: 9, 

which in the present case must ihave a unique solution. The optimal con-
, 

di tional risl!:. now takes the form 
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Ropt(I'f) ::: Aop(ol'f) 1 ('f* - 'l') 

. + A1P(11'1') 1 ('1' - 'f~.) 

r~ is to be noted that the last line is the same as in (8), even though 

the optimal decision function. 1S restricted to a simpler form. The optinal 

l'isk now reducer;; to 

(16) 

'Where) aEl bef'or'C, F('i'\c) is the cumulative distribution for class c. 

VIe can write p( c l'f) in ter.uu; of the likelihood ratio A ('1' ) as feliovs 

p(OI'l{) ::: 1 
1 + CiA' 

(17) 

whe:l.'o 

(18) ~Ul 
Q' ::: p{oy • 

'1111e optimal conditional risk can be s:i.mply rewritten in the form 

(l9) Ropt(I'!') ~ min (i >,,1\ ' l.A! :~). 
In othOl' i.;ordo .' 

.. • 
). 

. . 
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Ropt (1'1') 
AO 

if 
AletA . 

::: 
1 + C{/\ -r;> 1. 

(20) 
AletA 

if 
AIC{A 

::: 
1 + C{A -<1 

AO 

'J.1he maximum value of the c.Wtima,l nondi ti onal risk R opt ( 1'1') ivi th 

respect to '1' is attained vhen 

(21) 

Using the normalization condition 

(22) p(OI'f) + pC11!) ::: 1 

we obtain 

If we impose the condi ti on A 0 + Al ::: 2 0,0. the ",'eights, then we obtain the 

inequality 

(24) Max R (\'1') s J. opt 2 

with the equality holding 'VThen 70.1 ::: A2 ::: 1, the case illustra.ted in 

Figure 2. 

Returning to our 1!lain theme) we propose using the optimal conditiono.l 

risk Ropt ( 11li) as a confidence measure of the first ldnd" Le., the risk 

associated with the optimal decision process when the observed "v-nlue of 
tV 

'f is 'l ~ Furthermore, we propose using the optimal l'isk R t as a confidonce 
.. op 
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rzcaourc of the tlct.!(;r.d ktr.1) i. e., the risk; averaged over possible 

Ol.iOC.t"lUti f;no, {;i.vin~ a l'ne.~(;~l'e of the usefulness of a given set 9'e of 

phOWJ1"tt.! cvento, 

In illlt; oOf.!t1Gn, we attempt to pull all of the considerations of the 

~kt; na1lf~ CClj!':wrrto concernina how thene results ll1ieht be displayed in an 

OlH:!l'ut1 (lr~nl f.lYlll,c·m. 

J'n l·'.1CUl'C 3) ftC illuGtrate a number of: curves representing the 

dce:J n 1 (>tl' .. tltl~'tne; !wpactc, the !~iIll.'i.lari ty r.easure and the co~fidence .u.:easure. 

'l'lm he.,r-izc:ntnl anu vOl'tical coordine.t(:/J are either Po* and P:L~' or Po and Pl , 

l·CO!l(,{~t-iv(}ly. ~1woc protauili tier:; arc g:i.vcn by 

(1) 

(?) 

tv "... 

PO' ~ ~ti!IO) · 

P1 ~1 1 .. r(¥IIL 

l#h~~l'e 1,,(,;;,1 \::} tu LM~ c\.'.!r.".llut.i YC distribution for class c. The quantity '1* 

itl tlH3 UeQiDieH lK)h~t ¢.'\u tho 'i .. axis nnd "'if is t.he observed point on t.his 

.. 

I-
I 
! • 

\ 

I " 

t._ 

" 

In more explicit terms, P * is the probability that a pair of a 

speakers from class 0 (the class in which pairs of speakers are different. 

people) are classified as the same person. Conversely, Pl* is t.he proba

bility that a pair of speakers frQ~ class 1 (the class in which pairs of 

speakers are the same person) are classified as different people. For the 

sake of brevity, we will call P * the false incrimination probability and o 

P1* the false exoneration probability. 

"'" . On"the other hand, P is the probability that a member of class 0 lies 
o 

to the left (i.e. ,I more likoly to be a member of class 1) of the observed 

"" . point '0/. Conversely, PI is the probability that a member of class 1 lies 

to the right (Le., more likely to be a member of class 0) of the observed 

In Figure 3, 'we have a typical fv,lse-e..-x:oneration false-incrimination . 
curve for a set of av~ilable phonetic events $e. Follo"(ring the usage in 

crnlIDunication theol;'y, we also call these SOC (SASIS Operating Charac-

teristic) cur-res. 

(instead of p~ 4.~ vs 
J. 

N 

r£he same curves are obtained by plotting PI 

Po*)' althollBh their meaning is different. 

'" vs P 
o 

In either 

case, these curves are given by the parametric equations (1) or (2) as 'l;'·x· 
.v 

or '¥ ranges. over thlair cormnon donein of definition. 
,..., IV 

The likelihood function A('f') J i.e ~, the similarity measure S2(Q) J is 

~hQ negative of the slope of the ,SOC curve at the point corresponding to 
,.., ,..., 
'¥ (or 2) as 5.3 show.in (7) of Section 2. In Figure 3, this fact is 

illustrated by the tangent to the SOC curve and the horizontal axis .:3ub

tending an angle of tan .. Ie -A) • 

.. 
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il'he curu:o tJ1: cvuotant 03(i) a.re straight lines passing thx'oogh the 

or-lr,1rtJ olrwe a~!(:('"rding to (6) of Section 2 S3 (~'> = FliP o' 

Aloe; :11.1.uot::cr·.te::1 in !'~ieure 3 are the curves of constant risk defined 

by (16) (jf G(]oti(,J:l 3. '1'11io l'coult can be rewritten in the form 

(If ) 

~'lC:W CUJ'VCD nrc otz'aicht linen of fixed necative slope with the greater 

'.1he decioion point 'foX', corresponding to p ox- and 
a 

IJi~ '" :io {;Ul1l)CC(:d t(.) COl'l'(';cll (md only to the point of tangency of a constant, 

l'1r.lt CUl"W aml tho roc C\ll~e cOrreSl)onding to the ei ven set 9J
e

' 1:n other 
, 

lI()t'Uu, Um d(;{~i[ji()n point correnpcindn to the minimum risk point on the 

i\uu:t,imal '''1' t l~ ct[u'l.'c<l quanti ties. The author trusts that this 1dll not 

Au tho rH.\'~c~t.ivo ol()r,e elf 'the set of parallel risk curves inCrE!aSeS 

., 

!~ 
\ .--." ' T 

-'-

... ':, • > ~ .. .. -

defining the slope of the constant risk curves: ']0 that a~entj the decision 

point depends only on the combination of subjective factors embraced in 

(5). The soc curve itself is invariant to this parameter and is thus 

independent of all subjective factors, except tll0se implicit in the choice 
. 

of the function ~(~) and in the choice of smoothing procedures. nle risk, 

hm7Cver, depends upon the subjective factors in X 1 and ,t 2' separately. 

~le conditiona~ risk Ropt(\W), measuring the credibility of a decision 

'" based upon the observed value '1', is given most conveniently for our purposes 

by (19) of Section 3. One can obtain its value by first obtainina the 

likelihood ratio A from the negative slope of the SOC curve at the observed 

point and then ip~erting the result into (19) of Section 3. The value of 

'" '" R < (1'1') rTould measure the nearness of '1' to '1'-* in a ]Latter appropriate for opt 

a confidence measure derived frOUl a decision theoretic foundation. It is 

to be noted that the conditional risk depends upon 1..
0

' 1..1 and Q'( = P(l)/ 

p(O)), separately, and not simply upon the combinations given by (4). It 

is not feasible to illustrate the conditional risk in Figure 3, although it 

is related directly to the decision point and the SI)C curve. 

In the actual operation of SABIS by th~ end user, it may be useful to 

present the substapce. of Figure 3 on a suitable display device. After 

informing the system of the set~ of events available for comparison, the 

corresponding SOC curve would be displayed with a special marking s~bol . . 

indicating the point on the curve corresponding to the current observation. 

If it is desired to put the situation 'into a decision-theoretic context, 

the user would choose the ratio of, coefficients 'to andH. l in the risk function, 

.,Thereupon a set of constant r:Lsk'curves would be displayecl (and) f'l.tr'l',hermore, 
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would be quantitatively indexed if the sum of Xo and xl were fixed by 

acme convention): The system could autcma.tica1J.y find the point, of . 
.. _. _,. _.. .. .. _ ...... a _, .... , _ _ ...... _ 

tangency of soq curye and Ohe of the constant l.'isk Ctit'ves (if. ,the!'€! B1:'e tvl0 
" 

or more points of tangency" then the one of' lmrer risk should be selected). 

The decision point" corresponding to the above point of tangency, l/ould 

then be indicated by a second marking symbol. The ,conditional risk, if 

desired, could then be cal.cula.ted ?y the ~ystem and displayed in alpha

nUlIlG;ric symbols. Either of the similarity measures 8;;/ = A) or 8
3

, o~ 

both of there, should be presented. In the case of 8
3

" one could find the 

labelled curve of constant 8~ passing closest to the observed point in the 
;,) 

display. Itcould also be displayed in alphanUllleric form. Ho-wever" because 

it is the negative derivative of the SOC curve at the observation point" it 

is feasible only to present 8
2 

in alphanwneric form. 

n 
I 

\ 
I , 

·\1 .... 
,,~ 
li 
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Figure 7-B-l. p(~lc) vs * 

P(l!W) 

.. '-----
Ropt (Nt) 
(A o ;::'.~1= 1) 

Figure 7~B-2. p(cly) and R(H) vs 1!t 
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