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PREFACE

This Final Report describes research on automatic language classification
by Texas Instruments Incorporated , Central Research LaboratorIes, 13500
North Central Expressway, Dallas , Texas, under Contract No. F30602—76—C-0168
for Rome Air Development Center , Griffiss Air Force Base, New York. Mr.
Richard S. Vonusa (IMP) was the MDC Project Engineer. The report covers
work performed from March 1976 through August 1977.
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SUMMARY

The prob lem is to develop a computer simulation of an automatic language

discrimination machine. The input to the simulator is an analog speech sig—

nal . The output is a decision as to the particular language being spoken.

Neither the identity of the speaker nor the nature of the spoken text is

assumed known. -

The approach taken to solve the problem was to first determine key sounds

(phonemes, words, or ph rases, as examples) which are to some degree specific

to a language , and then use estimated occurrence frequencies of these sounds

to make decisions.

A study of consonant-vowel-consonant hyperphones in Eng lish indicated

that such 3-phoneme sequences do not occur often enough to provide operational

capability (Section III.A) . Consideration was given to the use of generalized

sound types, rather than specific sounds. Six types of sound transitions were

studied (Section III.B). It was found that the continuous nature of the speech

data prec l uded reliable detection of component transitions , using 50 ms refer-

ence representations. The use of steady-state phoneme-like sounds was con-

sidered (Section iiI.c). Departing from the completel y automatic reference

selection techniques used in previous studies ,1 ’2 interactive procedures were

applied , resulting in the extraction of 36 reference sounds which possessed
some language specificity (Section IV .B).

Standard ization of each speaker’s long-term average spectrum was carried

out in an attempt to reduce the effects of variation s in data recording condi-

tions. This procedure allowed a 41% reduction in language classification error

rate (Section IV.C).

The use of 13 reference sounds plus a voicing interva l measure provided

80% correct classification of 50 independent test speakers of five different

languages. Due to the small number of references required , this l evel of

accuracy can be achieved in real time (Section IV.D).
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EVALUAT ION

This report discusses the latest in a series of experiments dea l ing with
automatic language classification . The techni ques and methods deve l oped in
this study resulted in si gnificantly increased accuracy resu l ts.

An algorithm was developed for language discrimination that utilized
single steady—state phoneme—like reference sounds. The requ i red reference
sounds were of a small enough number to allow rea l —time operation. A set of
reference data which was developed i nteracti vely, indicated a si gnificant
language specificity . Accuracy was improved through standardizing each
speaker’s long—term average spectrum to minimize record i ng conditions
variations.

In addition , measures of language documentation other than the phoneme—
like reference sounds were utilized . Future consideration should be g iven to
prosodic measures such as voice to unvo i ced intervals as a means of language
recognition .

Performance tests involving fifty test speakers of five languages
resulted in 80 percent correct classification .

RICHARD S. VONUSA
Project En g i neer
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. SECTION I

INTRODUCTION

Automatic language classif ication is a challenging speech processing
problem. The three classic prob lem areas , unknown speaker, unknown text,
and connected speech, are intrinsic parts of the automatic language classifi-

cation prob l em. Fortunatel y, many seconds of speech data may be used to form

a decision . The idea l strategy is to determine key sound sequences (words

or phrases, for example) which are high l y language specific and then perform

limited sequence recognition and classif y the language according ly.

In two previous studies at Texas Instrumen ts i
~
2 automatic techniques were

developed for selecting key sounds. Those techniques were independent of the

particular languages considered . Results obtained during the course of the
presen t study and described in Section III of this report indicated that an
interactive approach mi ght l ead to the select ion of usefu l reference sounds .

A small set of reference sounds was interactively developed , as described in

Section IV. Results of processing the training data indicated that these

sounds did have significant language specificity. However , subsequent process-
ing and classification of the test data in a five-language , 50—speake r test
yielded 66% correctlS’ classified .

Close scrutiny of the processing results and comparison of the speech data

of several speakers led to the conjecture that differences in recording condi—

tions and equipment mi ght be si gnificant enough to cause the large variation
in processing results. Each speaker’s long—term average spectrum was standard-

ized in an attempt to minimize the results of these variations.

Following spectra l normalization, the five—language classif ication test
involving 50 speakers was repeated . The number of classification errors was

reduced by 141%, allowing 80% correct classification of the 50 test speakers.

~ 
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SECTION II

DATA REPRESENTATI ON

A. Analog Data Base

Analog speech data recordings for this study were provided by MDC.

The data are from five languages denoted Ll , 12, L3, Lk, and L5. Data from

100 distinct speakers were processed: 50 speakers provided data for estima-

ting decision parameters and generating reference sound files (training data),

and data from 50 speakers (test data) were used to estimate the probability

of correct classification .

The training data consisted of five—minute segments of speech from each
of ten speakers of each of the five l anguages . The test data consisted of

five—minute segments from ten speakers of Ll , L3, and 15; six speakers of L2;

and 114 speakers of Lk, for a tota l of 50 speakers.

B. Analog Preprocessing

The analog speech data base was preprocessed using the hardwa re shown

functionally in Figure 1. Sixteen bandpass filters were used to provide a

spectra l ana l ysis of the input speech signal. The filter center-frequencies

and bandwidths are shown in Table 1. Following the low—pass f i ltering, the
signals in each channel were samp led , dig itized to II bits , and stored for

additional processing. One hundred samp les per second were reta ined to repre-
sent the speech information .

C. Raw Data Normalization

Some speake r normalization is accomplished by reg ressing each data vector
upon regression vectors chosen to minimize between—speaker to within-speake r

variance in the time—frequency spectrum. In the following, reference to specific
time will be suppressed since the preprocessing operations performed at each

sampling time are identical. Let D denote a vector of data va lues stored at

2
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TABLE 1. ANALOG FILTER PARAMETERS

Bandwidth
Filter No. Center Frequency (Hz) (Hz, at —6 dB)

1 350 300

2 450 300

3 555 310

4 670 340

7 1120 400

8 1320 400

9 1550 400

10 1810 400

Il 2100 400

12 2420 400

13 2800 400

14 3200 1400

15 3800 800

16 5000 1600

._.•—-— - ---~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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some specified time . The expression for the normalized data vector is

GN a

where H is the ori gina l data vector 0 with the components alon g the regression

vectors subtracted out , and

l l a = H ’aH =~~~h~

The va lue of sigma is used as a measure of the overall energy leve l of the

— 
speech. Letting g

~ 
denote the ith component of the normalized data vector G

and letting c1 and c2 denote the regression coefficients for the first- and

second-order regression vectors , the ith component f1 of a reduced vector F

is shown in Table 2 for i = 1 , 2, ..., 12. Thus, F is a twelve—e lement vec-

tor , nine elements of which are from normalized filter outputs , along with

the two regression coefficients and the overall energy measure. Following

normalization , each element of F is quantized to three bits and stored on
disk for rapid random access.

0. Reference Sound Representation

The reference sounds used in this study are short , phoneme—like sounds

or transition s from one such sound to another. Let S(t) denote the represen-

tation of a reference sound centered at time t, and let F(t) denote a pre—
• processed data vector occurring at time t. Then S(t) is defined to be a

12 x 3 derived data matrix consisting of three derived data vectors:

S(t) = [S
1 ~2 

S31~
where S1 = ~ [F(t — 2) + F(t — 1)],

S2 = ~~ [F( t + 1) ÷ F(t + 2)],

S
3 

= 

~l — S
2~

This representation spans five samples (50 ms) of speech data.

5
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TABLE 2. COMPONENTS OF REDUCED-SPECTRUM DATA VECTOR

• 
. 

Component Composition

f
l

f
3 

g
3

~~(g4+g
5)

~~~~~~~~~
~~~

~ ~g1o + g11 )

~ (g12 + g13)

~ + 

~ l5 + g16)

C1

C
2

f12

6



A measure of the dissimilarity of two matrices S~ and s2 
representing

sound segments, is the squa red error e(S1 , ~2) Let s~ denote the element
kof S in the i—th row and j—th column , i = 1 , 2, .. ., 12; j  = 1 , 2, 3; and

k = 1 , 2. Then -the squared error between ~l and ~2 is defined to be

3 1 2  
2

e(S~ , ~2) =~~~~ 
~~ (s !. - ~ 2

•)

j=l i=l

In processing speech data to determine the recurrence of a fixed refer—
ence sound 5, the data are said to be “scanned” by 5, producing a “scanning —

error,” E(S,t), for each time t. Let D(t) denote a 3 x 12 matrix derived from
the input data of the same format as for a reference sound , centered at time t.
Then 

D hE(S,t) e(S ,D(t)) . H
A relative minimum in the scanning error for ~ indicates a time at which the
speech data are similar to the reference sound ~ and hence flags the possible
recurrence of S.

Fi gure 2 illustrates the concepts described above. A portion of the
phrase, “has taken steps to assure ,” has been preprocessed and the 12—element

• data representation printed . Also shown is a reference sibilant chosen at time
t0 and its resultant scanning pattern . The scanning error is plotted, and
a scanning valley is seen to occur at time t 1.

7
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SECTION I I I
BACKGROUND FOR REFERENCE SELECTION

A. Rate of Occurrence of Hyperphones in Eng l i sh

Results in this section arise from a study of a written English data base

consisting of memos generated in an industrial environment. Of the 64,188

words written , approx ima tely 6,000 were distinct. The most frequently occur-

ring 1 ,024 words account for 36,772 wri tten words.

A hyperphone is defined to be a sound sequence having the form consonant-
vowel-consonant. Each of the 1 ,024 most frequently occurring words was analyzed

to identify its component hype -phones. Those hyperphones which occur in ten

or more distinct words are shown in Table 3. This table lists the phonemic

representation of each hyperphone , an example word containing that hyperphone,

and the number of distinct words in which it •occurred . In addition , item (11.)

in the table is the total number of occurrences of each hyperphone, taking

into account the numbe r of occurrences of each word that contains that hyper-

phone.

If it were assumed that this data base were read at an average rate of

iDO words per minute , then the first hyperphone would occur , on the average ,
472( 100)/36772 = 1.28 times each minute. Item (5) of Table 3 shows the esti-
mated rate of occurrence for each of the listed hyperphones. The hyperphone

with the highest rate is “for” (2.28 occurrences per minute) .

In detecting such hyperphones it would be reasonable to expect the
average false alarm rate to be at least one per minute. For the typ ically

unst ressed hyperphone “for” the fal se alarm rate would be hi gher yet. The

false alarm rate being of the same order as the occurrence rate for even the

most frequentl y occurring hyperphones would severely compromise the use of
such 3—phoneme sound sequences as l anguage discriminants. This result suggests

that study should be l imited to single sounds or pairs of phoneme-l ike sounds.

Another possibility would be the use of broad sound classes , rather than spe-

c i f i c  sounds.

L _ _  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~••  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 3. HYPERPHON E OCCURRENCE S IN ENGLISH

Hyperphone No. of Total No. of Rate of
Phonetic Rep. Example Words Occurrences Occurrence (No.1Mm )

(1) (2) (3) (4) (5)

SIn action 31 472 1.28

2 mln department 18 470 1.28

3 Li- onj~ 18 282 0.767

— 4 -In ensure 14 183 0.498

5 ri- ve~~ 14 296 0.804

6 for for 11 837 2.28
U

7 ken concern 10 168 0.457

8 noted 10 91 0.247

10 
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B. Classifica tion Using Sound Classes

This section describes experiments and results concerning the use of

classes of sounds rather than particular sounds or sound sequences. Before

the sound classes are defined , two aspects of data processing are discussed .

Processing input data with a file of one or more reference sounds shall

refer to the determinat ion , at each sample time, of the scanni ng error corres-

ponding to each sound in the reference file. Relative minima in the scanning

error whose va l ues are less than some prespecified value of scanning error ,

say EMA X , shall flag a time of recurrence of the corresponding reference sound.

Hence , th i s  recurrence accep tance crit er ion i s relaxed wh en EMA X is rela t i v e l y
large and tight when EMAX is relatively small.

During processing, the smoothed overall energy measure is mon itored and

compared with a preset threshold. When the smoothed energy remains below this

threshold longer than 0.25 second , occurrence of silence in the input data

stream is assumed . During data processing, such periods of silence are ignored .

To say that N seconds of data are processed shall mean that input data are

processed as long as required to process N seconds of nonsilence speech data.

1. Definition of the Sound Classes

Six sound classes were studied . The first class is the vowel—to-

fr icative transition . Use of this~ sound class requires determination of the
occurrence of such a transition without regard to the particular vowel and

fr icative components. To determine such occurrences , ei ght reference patterns

representing particular vowel-fricative transition s were extracted from indi-

vidua l Eng lish words spoken by d single speaker (R. E. Kromer). Each pattern

is an average of severa l utterances of the same transition by th is speake r .
The spoken words in which the t ransitions occurred are shown as the first i tem

in Table 4.

Input data are processed to simu ltaneously determine scanning errors

for each of the eight patterns. Typically, scan n ing error va l l eys  occur red
at about the same time for seve ra l of the reference pattern s whenever the
vowel—fricative transition occurred . This results from using a relaxed

11 
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TABLE 4. SOURCE WORDS FOR SOUND CLASS REFERENCE PATTERN S

v- f v-n v—s f-v n-v s—v

th him it he me be

2 if thjj~ get ~~n

3 with an at his  may been

4 is time had thing not ~~ke

5 th~~ ~~~ not .!~J..
d ~~st

6 as one such say now tell

7 us only put such no

8 was them out some more time

9 ~~on should a~~ but

10 about for

11 who to

12 jj~st ~~op1e

13 see u~~n

14 about

15 before

12



occurrence acceptance threshold (EMAX = 80) , attempting to detect most of the
vowel—fricative t ransitions. A col lection of one or more scanning valleys that
are clustered in time (i.e., that occur within 50 ms of each other) is consid-
ered to be one occurrence of the vowel-fricative sound class.

The other five sound classes studied are also transitions and are

listed below:

(2) vowel—nasal

(3) vowel—stop

(4) fricative-vowel

(5) nasal—vowe l

(6) stop—vowe l

The L6 source words for each of these sound classes are shown in Table 4.

Occurrence determination for the five additional classes was accomplished as

described above for the first class.

2. Language Classification Results

For each of the 50 training speakers, 180 seconds of data were

processed to determine the numbers of occurrences of each of these six sound

classes. For classification purposes, each speaker was considered to be

represented by the 6-tuple vector , the coordinates of which are the standard-

ized numbers of occurrences of the six sound classes found during the process—

ing of that speaker ’s data. Standard ization is accomplished by transforming

the vectors to have zero sample mean and unit sample variance as averaged

over all 50 speakers. The modifier “standardized” will be assumed in the

fol lowing unless otherwise noted. -

The ten vectors representing the speakers of a given l anguage were

averaged to obtain a language mean vector. Classification of the training

— 

speakers was accomplished by choosing, for each speaker , the language of the

mean vector to which it is closest in Euclidean distance . In what follows,

this classification procedure shall be referred to as the nearest-mean classifi-

cation rule. The result of classif ying each of.the training speakers was

correct classification for 33 of the 50 speakers (66%).

13
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A linear transformation V of the six-dimensional data space was

determined which maximizes the mean-square interlanguage distance , keeping the

sum of the mean—square interlanguage and intralanguage distances constant.

This  transformation then separates speakers of different lang, ~es while

clustering those of the same language . Denote the data vector from speaker

s b y

F = ( f  f f f f f ) .s sl s2 s3 s4 s5 s6

Define the matrix X = (x..] (i,j = 1 , 2, ..., 6) by

x~ = ~~ — —
[all speakers s, t not of the same language]

Define the matrix T = [t..] (i ,j = 1 , 2, ..., 6) by

= E (f51 — —
tall speakers s, t]

The columns of the desired transformation V are the eigenvectors of the matrix

Application of the transformation V to the data space and classifi-

cation using the nearest-mean decision rule resulted in correct classifica-

tion of 36 of the 50 training speakers (72%) .

Each component of each data vector is a count of the number of occur-

rences of one sound type for one speaker during a fixed processing t ime . Th is
count varies directly with the particular rate of speech of the speaker being

processed. In an attempt to use features wi th less dependence on individua l

speaking rate , ratios of the ori ginal components were considered as new features.

Of the 15 possible ratios , the six ratios that provided the lowest language

uncertainty were used as new features. They are: 2/3, 2/1+, 2/5, 2/6, 3/5, and

4/6, where i/j means the ratio of class i to class J .  Transfo rmation of the
data space by the corresponding transformation V and app l ication of the nearest-

mean decision rule to the training speakers yielded 32 correctly classified (64%).

14
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Experiments we re done to determ ine the best subset of the six orig-

inal sound class features for classify ing the training speakers. Considera-

tion of all 63 nonempty subsets showed the use of only the four sound classes

v—f , v—n , f—v , and s—v y ielded the most training speakers correctl y class i-

fied . Forty (80%) training speakers were classified correctly in this case.

3. Application to English Data

In order to more closely observe algorithm operation in the use of

sound classes , use was made of 14 ana log recordings of English data obtained
during the course of a password detection study performed at Texas Instruments.

Each recording consists of approximatel y 200 seconds of text read by the
speaker. As indicated in Table 5, each of five different speakers read

identica l text, wh i le Speaker #5 read a total of ten distinct texts.

Sound c lass recurrences were dete rmined by processing each of the

11+ passages in their entirety. The resultant numbers are shown in Table 5.

If the sound class detector had been perfec t , the first five ecurrence

va lues in each of the last six columns of Table 5 would have been identical ,

since the same text was used for the first five recordings . In v iew of the

rathe r large variation s actuall y ob tained , detailed study was made of al gorithmn

operation using computer-printed spectra of the Eng lish passages and manua l

transcriptions of the corresponding speech data. G ross differences were ob-

served from speaker to speaker in the nature of the component transitions

of the sound classes . These differences caused excessive errors (both~ fa l se
ala rms and missed detection s of val id occurrences) . It was hypothesized
that tailoring componen t reference transition s to individua l speakers could

si gni f ican t l y reduce the problem . -

4. $peaker-Specific Vowel -Nasa l Reference Sounds a

The experimen ts descr ibed in th i s subsecti on in volve the vowel-

nasa l sound class only. Five new reference files of vowel—nasal transitions

15
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TABLE 5. APPLICATION OF’ SOUND CLASS ANALYSIS
TO EN GLI SH DATA BASE

Number of Recurrences Detected

Recording # Speaker # Text # v-f v-n v-s f-v n-v s-v-~-Sound Class

63 21+8 100 184 91+ 203

2 2 1 108 170 101 191 35 230

3 3 1 122 258 155 243 91 278 Same Text

1+ 1+ 1 116 208 161 167 99 191+

5 5 1 104 187 122 182 97 223

6 5 2 91+ 228 100 190 101+ 216

7 5 3 117 235 105 188 106 226

8 5 1+ 98 201 120 195 83 243

9 5 5 93 222 159 188 96 250 Same
Speaker

10 5 6 103 226 142 208 97 252

11 5 7 84 213 175 199 97 259

12 5 8 115 211 153 208 101 281

1 3 5 9 97 240 1 76 233 95 274

11+ 5 10 123 179 132 197 94 21+1

ii
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were formed . Each new f i le  contains ei ght transit ions of t he same types

as in the ori g inal f i le of vowel—nasal transit ions. Howeve r , the re ference

patterns w ithin the f i rst  new f i le were extracted f rom data f rom Speake r # 1

in the Eng lish data base . Likewise for the other four f i les , so that spea ker—

speci fic reference f i les were obtained for the vowe l-nasal sound c lass .  A l l

the data from each of the five speakers we re processed wi th the corresponding
speaker—specific file. The occurrence acceptance threshold , EMAX , was set

to 70 for these experiments. Table 6 compares the set of occurrence values

obtained us ing these speaker-specific f i les wi th the set of va lues obtained

previously using the speaker-independen t file. Also shown are va lues for the
sample mean ~&; the standard deviat ion a; and a/I.t , a no rmal ized d ispe rs ion
measure. The var iabi l i ty  was decreased s igni f icant ly by the use of the
speaker—specific files as indicated by the 32% decrease in the dispersion
measure.

Deta iled study of speec h spectra and occur .rence times of the scan-

ning val leys for the various transitions used in the above experiments led
to the conc lusion that the .50 ms duration of the refe rence scanning transi-

t ions was too short to a l low reliable occurrence detection . Due to the

continuous nature of the speech , t ransit ions occur rapidly and often with

li ttle stress , res u l t i n g  in much va r i a b i l i t y  even wi th in tokens of a sing l e
speaker. However , it was hypothesized that the 50 ms sound representation

• would be sufficient to accurately detect single sounds of a more s teady-
state nature .

C. Detection of Steady-State Sounds

This section describes initial experiments in the detection and use of
sing le , short s teady—state sounds. The data processing al gorithm was modi-
fied to prevent detection of multiple scanning valleys tha t mi ght occur

dur ing a sing le target sound. This modification involved monitoring the
spectral transitionitivity T.2 Should more than one scanning va l ley  occur

17 - 
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TABLE 6. VOWEL-NASAL OCCURRENCE VALUES --
SPEAKER—INDEPENDENT VERSUS SPEAKER—SPECIFIC REFERENCES

Occurrence Va l ues

Speaker # ~ L ..~L. .1.. ...i _L ____ - __~~~-.
Speaker-Independen t 21+8 170 258 208 187 214.2 38.1 0.178

Speaker—Specific 261 231 215 208 190 221.0 26.8 0.121

18
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between times of two consecutive peaks of the T function , the modified

al gorithm selects the one time corresponding to the lowest scanning error

as the time of occurrence of the reference sound .

The numbers of peaks in the I function occurring in the f i rst 120 seconds

of nonsilence data from the training speakers of Ll , L2, L3, L4, and L5 are

shown in Table 7. The lack of variation is striking. Approximately 9.2 1

peaks occur eac.h second regardless of speake r and language .

1. Detection of Nasals

Consideration was given to identifying the occurrences of the nasal

phonemes in Text #1 as read by each of the five speakers in the English data

base. There are 180 nasals (m, n , or fl) in the idealized text. One pattern

was extracted from the data for.. each of the five speakers which was typical

of his nasal sounds. Each of the five complete readings of Text #1 was

scanned with each of the five nasal reference sounds.as one-el ement reference

files (the occurrence acceptance threshold in these experiments was EMAX = 80).

The numbers of recurrences of each reference nasal in each speaker ’s data are

shown in Table 8. Norma l1ized dispersion s were computed for each of the five

cases where a sing le reference scanned all five speakers ’ data (rows of

Table 8), and also for the speaker—specific case (diagonal of Table 8).

These values are shown in Table 9. It should be noted that the speakc~r-

specific dispersion (0.127) is 1+0% lower than even the lowest dispersion

• (0.213) obtained from use of a sing le reference to scan all five passages.

2. Detection of Sibilants

The experiment in the preceding subsection was repeated to study

the detection of the sibilant 1sf (see). Corresponding resultant occurrence

va l ues and dispersion va l ues are shown in Tables 10 and 11 , respectively.

It can be s~~n that data from Speaker #1 yielded consistently fewer detected

sibilant’s Is! than data from the other four speakers. It was observed that

19
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TABLE 7. NUMBER OF T PEAKS IN 120 SECONDS OF SPEECH DATA

Language J.L J~.... .Ji.. L4

Speaker

1129 1137 1158 912 - 1013

2 1085 1195 1167 1125 111+8

3 1151 1081 1179 81+3 1023

1+ 1161 1167 1147 1065 1180

5 1170 1173 1191 1041 1093

6 1102 1202 1092 1037 1167

7 1060 1117 1156 1117 1085

8 1126 1153 1175 1114 1128

9 1023 1132 1229 1101 - 1254

10 1072 1149 1055 1042 1275

Mean 1108 1151 1155 101+0 1137

20
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TABLE 8. OCCURRENCES OF NASAL SOUNDS 
- -

Source of Data Processed

Speaker # ~~~
- 2 ...i. ._L

191+ 5 19 160 135

2 175 138 193 151 109
Sou rce of
Reference 3 307 85 177 235 181
Pattern

4 228 9 31 167 11+2

I 5 21+2 7 49 193 156

I 
-

F
I

-

.
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TABLE 9. DISPERSION MEASURES FOR NASAL SOUNDS

Source of Reference Pattern Speaker-
Speaker # ~ 1 2 3 4 5 Specific

Std . dcv., a 855 32.6 81.8 92.9 98.6 21. 1

Mean , ~.i 102.6 153.3 197.0 115.4 129.4 166.1+

0.833 0.213 0.1+15 0.805 0.762 0.127

22
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TABLE 10. OCCURRENCES OF SIBILANT Is!

Source of Data Processed

Speaker fr—~ 
j.. ._i_. .1... J~....
86 102 106 137 118

2 75 96 103 123 100
Source of
Reference 3 82 98 104 134 112
Pattern

4 82 96 l0~ 131 - 106 
5~~~~~~~

5 86 110 121 11+1 112

23
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TABLE 1 1. DISPERSION MEASURES FOR SIBILANT /5/

Source of Reference Pattern Speaker-
Speaker # —~~~ 1 2 3 4 5 Specific

Std . Dcv., a 19.0 17.2 19.1 17.9 19.9 
- 

17.1

- Mean , ~ 109.8 99.4 106.0 103.8 114.0 105.8

0.173 0.173 0.180 0.172 0.174 0.161

I
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many Is/ sounds from this speaker were accompanied by a “whistle ,” and most

of these whistled sibilants were not detected . Also , the sibilant Ill (show)
in the data for Speaker #4 was similar enough to Is! so that this phoneme
was often detected , accounting for the typically higher values obtained for

Speaker #4.

A useful observation was made in the course of determining reference

sounds used in the experiments described in the previous two subsections. This

observation concerns the choice of extraction time for specific reference

patterns. It was seen that the most accurate recurrence detection of steady-

state sounds was obtained by using reference sounds extracted at valley

points of the T function .

3. Speaker Adaptation

As illustrated in the previous two subsections , accurate recurrence

detectability increases when reference sounds are used which reflect the

individual speaker’s spectra l characteristics. An iterative method of speaker

adaptation of reference sounds was imp lemented. This procedure attacks the

speaker variability problem by allowing a generalized reference scanning pattern

to be modified sli ghtly to acconinodate the particular spectral characteristics

of the speaker being processed. A small amount of the speaker ’s data is pro-

cessed to perform reference pattern modification . We call this “adaptation

data.” Then the adapted pattern is used for processing the bulk of the data

to extract classification parameters. The details of the procedure follow.

Let V0 denote the given scanning pattern . The first step in the

iterative procedure is to scan the adaptation data with V0. extracting patterns

at each significant (low—error) scanning valley. Form V 1, the first modified

pattern by letting V 1 be the average of all such extracted patterns. Note

e(V1,V0), the squared error between V1 and V0.

25
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Next re-scan the adaptation data with V 1. again extracting patterns

at scanning valleys . Let V2 denote the average of the pattern extracted

using V 1. Note e(V2, V 1 ). Repeat this procedure until e(V1, v1 1 ) is less

than or equa l to a predetermined threshold. If the threshold is first passed

at step N , then VN is the final reference pattern .

This procedure was app l ied to Text #1 data as read by the five

speakers in the Eng lish data base. The beginning scanning pattern in each of

the five trials was a nasal In! extracted from data from a sixth L6 speaker.
The adaptation data comprised the first 75 seconds of speech data from each

speaker. The cut-off threshold for each trial was 3.0. That is, the proce-

dure terminated when the squared error between the newest pattern and the

prev ious pattern became 3.0 or less. The resultant five speaker-specific

patterns , the beginning pattern V0, and the five hand—picked patterns described

above (Section III.C.l) are all shown in Fi gure 3.

All Text #1 data from each of the five speakers were then processed

to determine nasal occurrences using the corresponding speaker-specific

pattern as the reference. The five resultant occurrence values are shown

in Table 12 along with the dispersion measure. This dispersion val ue (0.113)

is slightl y lower even than that (0.127) obtained using the five hand—picked

nasal references described above (Section III.C .l).

4. Language Classification Comparison —— Speaker—Independent
Versus Speaker-Specific References

To try to establish whether speaker adeptation of reference sounds

would be usefu l for language classification , the 50 training speakers of Li ,

L2, L3, L4, and L5 were classified using two sets of measurements. The firs t

set comprised occurrence va l ues for In! and /s! as determined by using a single

In! reference sound and a single Is! reference sound . The two references were

extracted from data from a speaker of L6.

26
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Beginning Pattern , y ~

(S “8=” ) ( $  $)
(S +B=” ) ( $  B)

L6 Speaker Adapted Pattern Hand—Se l ected Pattern

($ +0=, )($ =) (S +B0, ) ( $  5)
(5 +0= , ) ( $  =) (5 +00, )(S 5)
(==:=======) (=:==) (=====i-===) (===)

(00, ‘‘+=‘‘ ) (0’”) (B= ‘~+r rr ) (50+)
2 (00, “-s.=” ) Co ’ .) (8= “+== ) (S=o)

( = )  (.) (==== ) (=+$)

(0= ‘•+=‘‘ ) ($‘‘+) (B’’ ‘“‘=+ ) (5=0)
3 (B+ “+=“ ) ($“) ($“ ++=+ ) ($ ,o)

(=+======= ) (==+) (o==—oo===) (=,=)

(5 +==“ )($ , +) (5 +00 , )($ $)
1 ($ + “ ) ($ , +) ($ =0= , )($ B)

(=========) (===) (====o=+==) (==+)

($ +0=, )(B +) ($ =00, )($ 0)
5 (5 +0=, )(B +) (5 =00, )($ B)

(=========) (===) (=========) (==o)

k~qend

Symbol , “ + = O B $

Leve l 0 1 2 3 4 5 6 7

Figure 3 Speaker Adaptati on Example
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TABLE 12 . NASAL OCCURRENCES FROM ADAPTED REFERENCES

L6 Speaker 1 2 3 5 a _____ 
aIp~

No. of Occurrences 212 171 184 197 ‘59 20.9 184.6 0.113

28
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The second set of measurements resulted from the use of 50 speaker-

specific references for In! and Is! selected from the particular speaker ’s
- s data which they will subsequently scan to determine occurrence value measure-

ments. These speaker—specific references were determined by first scanning

each speaker’s data with the L6 reference patterns for In! and Is! and printing

a segment of the spectrum surrounding si gnificant (low error) valley point

occurrence times. Then visual inspection allowed the choice of a typica l

speaker-specific reference for In! and Is!. Each speaker’s data were then

processed with their own two references to determine the speaker-specific

occurrence va l ues for the two reference sounds.

For these two cases, the nearest—mean decision rule was used to

classify the 50 training speakers. Using data generated by the two L6 patterns ,

26 of the 50 training speakers were correctl y classified . Using speaker—

specific references, 28 of 50 were correctly classified.

D. Surmiary

It was found that detection of steady-state sounds is more appropriate

than detection of sound transitions using the 50 ms representation to process

continuous speech. While speaker-specific patterns yielded more consistent

results in experiments with L6 data than did speaker—independent references,

comparison classification experiments using the five— l anguage data base

yielded qu ite similar results. 
-
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SECTION IV
LANGUAGE DISCRIMINATION VIA INTERACTIVELY SELECTED REFE RENCE SOUNDS

In Section III , experiments were described which provided informa tion
useful for prov iding genera l guide l ines for reference selection . This sec-

tion describes the selection and use of particular reference sounds for lan-

guage discrimination . One speaker of each of the languages Ll , L2, L3, 14,
and 15 was selected at random. The first 90 seconds of speech data from

each of these five speakers were used in determining the structure of the

reference sounds. Computer—printed digita l spectra of these five 90—second

passages were generated and then transcribed by hand to associate Eng lish

phoneme-like labels with appropriate portions of the spectra. The speaker

used for each language is shown in Table 13.

A. Postulation of Candidate References

Analog recordings of the five 90-second passages were monitored repeat-

edly, simultaneously observing the corresponding printed spectra. The ensu-

ing fami l iarity with the data allowed postulation of severa l particular

steady-state sounds as being language specific. The following procedure was

used to obtain reference patterns resulting from such hypotheses.

• First , a scanning pattern was extracted at the approximate center of the

proposed steady-state sound . Then the same 90-second passage that yielded

the proposed sound was scanned with the extracted pattern noting the occur- -

rence times of significant scanning valleys . Then the printed spectra were

observed to verify that the sounds indicated by valley points were indeed

versions of the target sound . An average pattern was formed using data from

all such verified valley points. Finally, the process was repeated using

this new average pattern . Iteration continues until little or no change in

valley point times results from the current iteration . The resultant average

pattern is the proposed candidate reference pattern . For some of the proposed

reference sounds, the extraction time of the initial scanning patterns required

30
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TABLE 1 3. TRAN SCRIBED DATA

Language Li L2 13 L4 15

Speaker s4 54 S2 S7 SL+

I 
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slight modification to provide stable recurrence detection . A few proposed
sounds d id not yield enough recurrences to be of use and were abandoned
imediately. F i f t y  candidate reference patterns were selected using this

interactive procedure . Four additional scanning patterns (one for each of

the four phonemes !r!, ILl, Is!, In!) were selected in a similar fashion

using data from Speaker #5 of the Eng lish data base.

B. Se lection of Language-Specific References

The 51+ candidate references we re used to process 180 minutes of speech

data from each of the 50 t ra in ing  speakers . The numbers of reference occur-

rences based on occurrence acceptance threshold EMAX = 50 were recorded. Six

references yielded no more than ten occurrences per speaker (averaged over

each language) from any of the five languages . These references were aban-

doned because of their rarity in the data. Twelve references produced a

fairly uniform distribut ion of occurrences over all five languages . These

references were abandoned becduse of their obvious l ack of language specificity.

The 36 retained candidate reference patterns are shown in  Appendix A.

Also recorded during processing of the data was the fraction of speech

samples that were taken during periods of silence . This fraction (multiplied

by 1000) and the occurrence val ues for the 36 retained candidate references

are shown in Table 14. The silence measure is l abeled Feature #20.

For later used in classify ing the 50 test speakers , the 37 references

were used to process 180 seconds of speech from these test speakers using the

same occurrence acceptance threshold (EMAX = 50) used with the training data.

Occurrence values and values of the silence measure obtained for the 50 test

speakers are shown in Table 15.

The nearest-mean decision rule was used to classify the 50 training speakers

utilizing various subsets of the collection of 37 candidate references. The
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TABLE 11+. CANDIDAT E REFERENCE OCCURRENCE VALUES —- TRAINING SPEAKERS

FEATURE
L.~JG SPKR 1 2 3 4 5 6 7 8 9 1 6 11 12 13 14

- _ 
1 1 16 8 1 5  7 6 9 136 19 12 39 36 26 199 13 76
1 2 46 44 19 72 86 82 3 2 2 42 18 34 236 78 64
1 3 24 6 11 18 19 39 4 lo 63 6 16 357 25 17
1 4 43 17 24 19 14 37 4 4 3 68 36 24 217 51 21
* 5 9 23 7 56 79 66 14 2 41 26 12 233 52 60
1 6 2 6 0 3 9 122 153 3 6 2 5 23 43 93 65 136
1 7 3 5 1 1 44 87 7 4 27 14 9 182 15 51
1 8 17 14 6 30 153 160 25 6 25 27 33 128 44 156
1 9 27 71 5 94 105 86 24 5 9 9 18 162 112 111
1 1 0  60 4 4 8 1 6  36 29 3 1 3 8 286 14 14

2 1 23 3 ~I 4 83 102 17 6 200 27 9 386 5 88
2 2 61 6 20 14 10 35 24 2 206 25 5 191 20 11
2 3 36 63 32 30 58 71 33 13 147 22 0 238 6 64
2 4 36 4 4 Mi 49 71 47 1 139 ~ 24 243 78 s~2 5 1 22 0 19 92 92 11 0 146 31 -6 33 17 92
2 8 31 2 1 1 3  36 69 27 1 257 40 26 131 24 44
2 7 34 6 8 2 1 5 24 19 4 208 31 6 314 5 2 0
2 8 16 35 3 89 69 86 28 17 198 48 36 176 80 73
2 9 144 2 28 3 8 19 7 12 179 61 3 211 3 0
2 1 0  37 5 22 8 2 6 62 25 22 164 35 8 206 4 3 0

3 1 jO 25 20 14 80 93 1 29 147 114 22 46 42 79
3 2 62 47 33 38 89 82 7 2 5 118 56 18 191 33 89
3 3 9 19 24 3 39 32 0 74 89 76 3 16 10 41
3 4 11 16 1~’ 41 91 126 4 16 199 77 26 108 73 96
3 5 19 35 15 *3 85 100 13 5 116 75 15 60 16 96
3 6 24 19 4 3 5 16 17 2 10 132 36 10 276 15 16
3 7 3 21 10 . 9 41 66 3 9 183 73 5 57 15 45
3 8 j4 22 11 17 46 76 1 48 208 68 5 89 9 50
3 9 29 76 51 72 75 84 4 114 158 75 j6 100 75 85
3 10 11 5 0 0 19 42 1 5 113 45 2 226 0 20

4 1 86 29 24 26 2 0 6 8 7 24 2 0 417 6 2
4 2 jd 7 10 22 11 11 2 39 92 9 2 73 19 11
4 3 61 3 ~2 2 5  3 3 1 5 2 112 28 1 341 14 4
4 4 118 33 22 44 11 6 1 38 74 3 1 360 17 11
4 5 22 28 41 42 44 46 9 2 4 76 4 1 0 36! 26 45
4 6 64 40 40 17 6 5 2 5 7 81 9 1 364 2 7
1 7 51 12 49 80 6 1 4  1 8 9 27 2 2 374 51 9
4 8 42 32 32 65 8 5 4 1 7 175 40 1 215 43 9
4 9 53 60 43 66 26 8 8 4 2 93 4 2 292 10 18
4 10 77 Mi 53 72 17 11 10 33 96 11 3 226 54 17

5 1 20 37 12 34 56 56 2 25 147 2 11 366 9 56
5 2 47 37 40 55 34 35 7 2 6 132 7 1 3 283 32 32
5 3 78 53 28 76 lii 63 0 65 59 3 5 359 22 114
5 4 79 159 60 88 51 20 10 50 98 4 2 291 21 5~5 5 44 57 21 71 22 13 5 34 148 9 5 404 13 16
5 6 88 59 16 76 26 37 5 9 5 122 3 6 236 32 27
5 7 56 19 6 136 67 60 3 3 5 110 1 7 335 56 70
5 8 38 62 29 80 85 86 5 4 5 64 8 11 346 24 90
5 9 13 79 13 97 54 42 12 5 198 52 3 3 6 73 64
5 10 0 9 3 5 27 20 2 9 281 151 6 46 1 29
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TABLE 14
(Continued)

FEATU RE
LNG SPKR 15 16 17 18 19 20 21 2~ 23 24 25 26 27 2$

1 1 72 156 6 2 0 240 6 205 5 3 112 10 4 1
1 2 212 25W 10 10 38 296 6 276 29 17 259 42 40 24
1 3 154 340 7 2 4 278 3 372 13 4 237 27 3 3
1 4 120 204 15 9 6 221 19 222 57 1-1 170 43 10 0
1 5 50 198 2 1 23 363 0 236 2 6 88 1 29 15
1 6 22 60 0 0 1 7 435 0 7 6  6 0 2 2  0 2 2  2
1 7 35 102 0 0 0 256 0 131 2 0 49 5 7 1

- 1 S 52 77 5 0 11 282 2 119 16 2 51 1 14 5
1 9 .104 181 13 5 54 389 0 165 1 14 119 7 59 35
* 10 148 280 1 0 5 401 4 289 4 0 173 14 1 1

2 1 2 12 375 0 0 2 158 1 378 1 1 217 5 9 1
2 2 115 131 9 2 18 86 9 201 31 5 1o5 13 1 3
2 3 156 245 22 10 15 172 7 264 21 27 196 15 40 42
2 4 103 176 1 0 15 216 1 234 2 1 104 2 10 2
2 5 4 24 II 0 7 263 0 26 1 0 4 P 25 5
2 6 64 77 0 0 7 105 5 127 8 1 71 2 1 1
2 7 207 285 1 6 1 179 8 319 15 0 229 10 3 1
2 8 43 135 6 2 64 268 4 164 8 4 65 11 31 23
2 9 165 224 7 6 3 229 36 240 76 7 189 26 6 1
2 1 0  67 14 1 5 2 4 205 1 186 32- 3 9 4 12 2 3

3 1 14 44 6 8 7 347 0 38 10 5 41 18 30 12
3 2 119 146 16 10 26 383 10 215 46 10 130 *3 54. -

3 3 32 32 2 5 0 348 * 24 17 2 58 36 19~~/ 3
3 4 50 118 8 4 22 277 0 132 23 3 72 9 25 7
3 5 32 58 14 2 6 5 C ~0 1 76 5 20 44 7 33 U
3 6 93 16 7 4 8 16 269 7 250 18 8 1o8 17 9 11
3 7 9 35 8 4 6 300 6 28 2 2 14 1 14 4
3 8 29 73 18 32 3 355 0 86 17 22 56 25 11 19
3 9 64 114 35 28 37 319 7 101 86 36 112 51 58 56
3 10 43 206 1 1 o 173 1 219 4 1 55 3 4 3

4 1 344 412 25 46 16 281 24 464 57 33 360 72 7 26
4 2 67 77 0 12 ? 25 1 0 93 28 4 06 11 2 3
4 3 2~ 8 333 1 7 8 3 23 4 342 65 7 283 59 1 4
4 4 349 332 23 19 34 226 28 364 32 39 366 83 19 33
4 5 183 286 26 14 21 185 4 354 , 15 11 180 13 25 16
4 6 266 352 44 44 11 229 13 376 56 45 317 59 18 33
4 7 265 320 25 32 54 142 22 408 93 20 303 21 1 17
4 8 112 1 8  32 25 29 141 14 195 24 25 116 20 12 24
4 9 123 178 42 44 52 248 *~ 266 39 43 116 18 27 56
4 10 249 212 32 17 50 241 22 254 54 23 272 38 15 29

5 1 106 315 13 15 36 378 10 345 37 19 141 21 33 33
5 2 98 226 28 19 33 237 14 297 57 24 153 16 25 18
5 3 204 34 2 15 21 36 226 9 397 51 13 251 42 52 36
5 4 258 363 jc~s 72 69 261 24 386 64 141 382 52 88 ~3j
5 5 363 396 39 43 57 40 22 439 32 66 400 38 31 60 H
5 6 167 250 33 64 45 248 35 283 60 40 225 80 28 56
5 7 2 16 291 1 15 78 IN 13 3 8  32 12 258 32 24 20
5 8 172 304 4 1 34 58 23~ 13 374 60 55 218 31 57 52
5 9 26 18 21 8 4 5 2~’5 0 2 9  3 3 8 32 3 6 8 66
5 10 10 51 1 0 1 162 1 37 1 0 15 5 9 8
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TABLE 14
(Continued)

FEATU RE
L WG SPKR 29 Mi 31 32 33 34 35 36 37

1 1 150 2 11 5 73 6 6 144 228 14
1 2 296 14 260 230 0 9 284 322 18
1 3 274 8 197 157 1 16 271 366 10
1 4 181 34 149 158 1 1 6 161 213 49
1 5 141 2 1 0 0 29 6 2 171 240 3
1 6 38 ~I 34 14 3 0 41 54 0
1 7 69 1 36 24 0 1 78 118 2
1 8 85 13 66 72 13 5 81 113 3
1 9 14% 3 119 100 1 3 152 176 4
1 10 221 7 166 152 0 4 239 276 4

2 1 286 2 259 167 13 0 308 386 6
2 2 15 3 40 154 146 5 18 122 212 15
2 3 217 5 174 1 81 3 12 206 266 15
2 4 149 5 136 120 0 1 134 225 1
2 5 11 0 5 2 2 6 11 17 0
2 6 91 12 64 90 1 2 71 124 3
2 7 285 16 252 196 0 4 273 336 2
2 8 79 3 54 61 1% 2 85 129 4
2 9 220 105 2P0 189 9 j9 212 241 36
2 16 109 21 93 91 12 9 94 153 27

3 1 31 11 23 20 33 12 38 45 20
3 2 196 34 164 117 7 jO 153 187 27
3 3 35 12 44 49 10 jS 36 53 59
3 4 02 13 73 50 18 7 97 140 8
3 5 54 9 44 38 5 4 50 64 5
3 - 6 115 16 121 89 8 6 103 225 11
3 7 1~ ~ 14 9 6 3 23 32 8
3 8 t~3 5 43 54 3 1 52 75 22
3 9 114 48 95 90 4 40 119 138 93
3 10 98 9 72 14 6 0 122 186 5

4 j 436 59 412 354 6 j3 375 485 55
4 2 i go 12 77 88 29 7 90 105 34
4 3 325 38 208 238 17 1~ 290 368 57
4 4 4j7 34 399 300 26 13 367 417 44
4 5 260 19 235 168 15 24 220 350 38
4 6 354 55 329 269 14 26 326 427 75
4 7 365 89 348 259 21 45 306 419 99
4 8 151 38 134 *13 1 27 143 182 34
4 9 140 45 145 125 16 1~ 9~ 243 57
4 10 266 56 275 268 1 25 244 290 46

5 1 j77 21 143 105 4 9 142 254 20
5 2 193 36 147 154 12 II 143 228 10
5 3 297 18 256 232 7 17 262 370 48
5 4 442 80 302 318 11 20 383 372 44
5 5 430 46 4(~7 360 1 9 399 430 36
5 6 266 49 210 248 13 4 221 284 46
~ 7 31 9 31 270 262 2 ~ 27 5 ~~~ 20
5 8 246 57 2.2 177 13 13 220 324 31
5 9 35 10 29 31 2 4 23 27 5
5 jO 1~ 1 14 12 2 1 36 37 6
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TABLE 15. CANDIDATE REFERENCE OCCURRENCE VALUES —- TEST SPEAKERS

FEATURE N
LNG $PK~ 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 1 5 11$ 15 42 125 123 13 6 26 6 54 185 83 125
1 2 4 1 11 2 17 30 0 12 46 53 0 212 6 19
1 3 11 19 14 27 25 .52 1 ii 33 16 7 128 1Q 3m
1 4 5 10 29 20 22 52 2 20 40 32 1 104 10 24
1 5 9 17 20 44 j63 168 22 3 5 16 26 139 49 164

— 1 6 18 12 12 164 27 25 1 7 23 16 -9 299 loS 26
— 1 7 12 18 48 28 11 j5 1 21 12 14 I 160 11 11

1 $ 16 14 14 39 11 13 I 8 s~ ~~ t 237 36 11
1 9 21 14 18 20 29 29 4 22 32 56 2 159 5 31
1 10 15 5 18 2 44 68 8 9 24 11 2 196 0 46

2 1 7 36 25 32 62 113 ~ 4 122 3% 17 132 23 88
2 2 9 8 50 74 12 16 2 14 158 31 12 236 37 14
2 3 13 4 52 96 48 66 15 13 7* 17 20 193 97 51
2 4 23 89 75 88 22 3 8 40 123 18 1 247 2 15
2 5 17 25 14 56 21 jO 7 0 1 38 33 1 263 26 23
2 6 21 9 17 15 27 22 22 5 132 34 1 250 7 26

3 1 7 18 18 1 39 62 1 14 205 77 16 138 2 48
3 2 8 9 7 3 4~ 59 6 13 21 0 64 6 87 10 43
3 3 0 9 20 6 78 63 8 15 211 70 8 14 9 76
3 4 5 13 26 6 60 84 12 15 139 57 19 36 17 65
3 5 0 24 1 60 122 104 0 3 175 69 7 6 114 148
3 6 2 34 6 15 12$ 11 0 6 25 241 87 5 35 20 132
3 7 9 32 29 39 155 126 6 II 175 51 15 91 34 156
3 8 5 28 41 17 6 . 49 8 44 236 48 2 75 17 63
3 9 11 17 16 23 10 7 6 25 105 20 0 233 1 9
3 jø 2 34 11 59 41 28 P 70 121 50 3 43 1* 46

4 1 6 1 1 15 44 68 27 6 95 46 21 2 6  18 48
4 2 4 32 49 62 12 9 1 43 126 7 0 278 9 12
4 3 35 66 70 90 6. 26 39 18 146 2 1 266 37 61
1 4 14 2 9 28 1 0 1 0 134 13 6 326 II 1
4 5 9 j 5 3 6 2 4  8 3 7 4  8 4 469 2 4
4 8 17 6 21 43 31 30 9 19 61 21 11 344 52 35
4 7 47 3 20 9 5 6 12 7 tos 7 0 304 2 6
4 8 10 43 83 33 4~ 22 26 12 92 ~5 2 268 8 37
4 9 j6 9 36 65 2 0 0 35 136 20 0 354 27 2
4 jO 27 31 60L 22 7 11 3 17 83 13 0 145 13 P
4 11 21 5 12 51 0 0 0 16 91 6 0 297 4 P
4 12 15 26 29 84 73 64 17 5 22 16 14 287 68 76
4 13 13 8 57 14 8 20 12 8 105 18 2 98 14 12
4 14 6 48 7 161 33 6 0 160 3 0 0 294 16 23

5 1 5 1 7  1 3 0 61 76 2 2 222 66 1 6 9 68 68
5 2 16 58 $ 200 27 3 0 27 141 27 0 181 168 27
5 3 9 34 27 41 31 37 2 6 152 32 4 106 16 33
5 4 1~ 50 10 73 36 jO 0 18 191 116 6 117 16 34
5 5 jO 34 25 39 36 34 3 8 174 50 4 73 17 34
5 6 22 36 44 20 24 15 4 15 . 1 67 70 1 72 4 24
5 7 3 38 13 3~ 109 87 0 34 148 39 3 129 14 111
5 6 15 6 6 12 48 38 8 0 227 63 2 126 5 40
5 9 30 25 14 64 47 26 0 7 110 *0 4  5 179 37 48
5 10 15 13 21 8 ~ 40 P 10 246 56 2 99 12 14
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TABLE 15
(Continued)

— 

FEAT u RE N
LNG $PKR 15 16 1? 18 19 26 21 22 23 24 25 26 27 28

1 1 36 157 6 5 25 372 2 177 17 3 63 9 24 12
t 2 93 196 2 6 o 233 3 213 31 4 126 17 3 6
1 3 84 149 13 16 II 211 3 138 11 26 125 15 16 19
1 4 134 179 22 23 6 164 * 161 46 19 191 39 $ II

-
‘ 1 5 73 98 10 3 20 223 1 145 14 6 82 8 42 18

1 6 207 267 III lo 48 297 7 343 28 jS 248 22 14 16
1 7 166 199 27 53 16 243 33 2o5 98 46 201 49 11 19
1 8 122 284 14 23 15 346 20 269 62 29 182 21 10 15
1 9 116 158 17 34 12 3j 4 12 170 32 23 178 61 12 28
1 l ii 11 1 250 9 7 2 275 13 228 31 4 2o5 16 8 2

2 1 44 75 33 17 16 306 2 98 12 17 45 8 27 38
2 2 1 01 227 12 28 52 127 34 246 99 31 154 12 7 25
2 3 93 1h~ 16 6 6% 266 23 197 82 7 143 34 10 13
2 4 127 195 ~ t 106 36 21~ 16 248 48 99 168 25 54 79
2 5 00 186 22 25 23 314 3 ~17 10 56 118 10 16 45
2 6 193 270 17 30 6 322 9 278 69 26 285 51 14 11

3 1 52 98 12 8 1 258 8 135 14 4 6 3 20 22 12
3 2 14 58 3 2 2 232 1 73 5 5 25 18 11 p

3 3 6 32 6 6 3 229 8 26 10 2 29 14 28 7
3 4 2~ 23 19 4 1 389 P 25 6 5 39 17 17 11
3 5 0 0 0 1 14 343 8 p 2 2 0 3 62 21
3 6 jd 33 2 3 6 254 8 29 11 1 48 37 65 12
3 7 15 28 16 2 14 384 1 52 11 6 13 2 77 23
3 8 29 79 27 27 8 260 4 86 79 14 55 23 33 18
3 9 103 108 9 2j 8 258 7 196 43 6 97 35 16 12
3 10 17 -24 18 35 10 352 2 33 26 22 27 23 24 31

4 1 97 209 0 1 7 188 2 251 1 2 98 P 3 2
4 2 13 6 269 40 89 27 277 14 283 57 66 176 42 23 37

• 4 3 109 177 42 17 58 249 37 212 86 23 104 22 57 64
4 4 47 182 3 13 18 272 17 243 34 15 60 3 2 11
4 5 203 ~~~ 3 1 1 374 2 399 6 8 218 13 2 1
4 6 100 241 3 3 26 2~ 3 6 323 42 2 106 10 12 8
4 7 129 230 5 6 3 226 16 362 57 9 136 13 2 8
4 8 132 214 50 29 21 114 16 267 55 30 141 14 42 36
4 9 238 327 31 79 43 266 49 371 128 53 256 29 2 27
4 10 176 147 41 41 10 307 9 196 60 48 179 13 16 39
4 11 193 199 14 65 26 201 15 290 38 22 205 17 6 25
4 12 121 226 21 10 40 221 7 272 13 16 *50 7 31 26
4 13 108 64 22 11 3 179 8 106 35 12 1o2 8 3 13
4 14 336 320 35 135 96 53 28 350 38 41 372 129 34 67

5 1 29 33 3 1 8 232 1 63 16 2 27 2 28 9
5 2 71 137 11 35 129 322 1 4 172 37 30 86 19 37 107
5 3 30 3 9 25 11 25 264 7 6 6 35 36 39 11 39 40
5 4 66 41 8 13 27 321 6 95 28 26 66 21 43 60
5 5 26 26 24 11 20 256 6 41 21 38 30 12 38 41
5 6 34 40 31 17 7 196 . 2 54 29 28 29 6 33 38
5 7 46 93 16 15 15 185 3 133 17 13 72 25 73 ~s
5 8 66 5~) 3 0 4 265 2 103 6 1 54 12 16 4
5 9 131 11~ 11 4 20 213 7 196 31 6 134 13 27 25
5 10 31 2I~ 1 8 6 8 247 7 67 17 18 36 14 6 8
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TABLE 15
(Con tinued)

— 

FEATURE N
LNG $PKR 29 30 31 32 33 34 35 36 37

1 1 102 1, 49 42 6 $ 110 156 17
* 2 158 21 121 116 8 18 162 206 13
1 3 135 9 j62 111 • ~ 148 156 8
1 4 185 17 154 168 • 18 17$ 195 37

- 1  5 108 9 9 6 108 6 7 98 131 16
1 6 318 13 246 240 1 5 264 324 0
1 7 234 76 280 205 6 22 213 257 75

* 8 226 59 160 143 1 ~5 266 298 31
1 9 177 34 134 172 1 $ 141 *9* 39
1 10 238 27 157 141 * 11 253 242 17

2 1 58 18 59 47 9 5 56 102 17
2 2 193 81 136 125 45 24 180 227 62
2 3 158 43 116 125 6 20 139 195 48
2 4 209 65 161 140 9 35 186 235 81
2 5 125 21 122 94 10 jO 138 197 16
2 6 287 41 222 245 13 j6 268 333 43

3 * 91 4 76 63 12 • ~o 114 27
3 2 33 10 25 21 7 14 34 50 16
3 3 16 2 II 10 23 12 24 30 24
3 4 33 7 27 36 10 14 26 29 18
3 5 0 1 0 0 2 3  6 0 0 6
3 6 45 - 6  31 36 19 7 46 50 34
3 7 24 10 25 23 5 15 11 43 15
3 $ 66 32 40 56 1 27 6$ 7* 74
3 9 114 16 126 162 e 16 89 139 46
3 j O 27 18 23 35 21 15 26 28 67

4 * 135 2 114 79 9 0 136 221 0
1 2 218 39 165 112 2* 25 227 293 85
4 3 135 88 135 133 31 45 117 198 66
4 4 101 28 7j 55 18 3 63 184 II
4 5 289 8 251 130 18 7 313 405 8
4 6 196 31 153 67 24 j4 172 307 41
1 7 217 49 j67 142 1 jP 175 266 27
4 8 172 60 155 122 *0 48 144 259 63
4 9 360 132 278 187 21 31 288 386 117
4 10 *97 56 210 197 42 35 161 214 66
4 11 240 35 220 196 6 6 198 277 19
4 12 201 26 159 105 27 j7 186 268 22
4 13 169 46 135 124 0 35 88 *33 48
4 14 379 27 369 362 0 2 341 385 79

5 1 33 10 39 33 3 2 24 51 3
5 2 09 33 00 90 10 4 76 153 22
5 3 48 28 37 39 28 9 25 43 22
5 1 83 11 72 82 *7 7 46 75 24
5 5 33 22 24 28 18 11 22 33 18
5 6 46 25 38 44 3 26 27 41 33
5 7 83 15 33 63 3 -  5 6. 87 26
5 8 74 2 ~1 90 34 3 42 72 5
5 9 158 27 162 167 35 13 113 168 12
5 jI 36 25 35 45 12 14 23 39 26

J



following semi-automatic procedure was used to establish which collection of

reference subsets to use for classif ication . A subset of N, N � 12 , of the

37 references was selected . Classi f icat ion was performe d for each of the
- I non-empty subsets of the collection of N initial references , examining

the results by eye to find those subsets that allow the maximum number of

correct decisions. Those references that seem not to contribute to good

class ification were discarded and replaced by others in the set of 37-N

references not used initially. Another exhaustive search was made using the

new collection of references , and the p roced ure was then i t e ra ted unt i l a l l

37 references had beeh considered . A variation of this procedure allowed

considerat ion of larger subsets , where the exhaustive sea rch was not feasible.

For suc h subsets , M component references (which have previously been deemed
good for language d isc r im ina t ion)  were included in every subset evaluated .

Thus, only - 1 eva lua t i ons  were required .

The maximum number of correctly classified training speakers was 1~7 (94%).
The five subsets of the 37 orig inal re ferences which prov ided this c lassi f ica-

tion accuracy are shown in Table 16.

The 50 test speakers were classified using each of the five subsets with

the nearest-mean decision rule , based on mean va lues obtained from the train-

ing data results for the corresponding subset. For each of the five subsets ,

the percent correct c lassi f icat ion of the test speakers is also shown in

Table 16. The maximum test data accuracy was 66%, at tained usi ng the subse t
of 14 references. Appendix B con tains listings of the decision function

va lues and resu ltant classi f icat ions for training speakers and test speakers ,
for al l  five subsets of references.
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TAB LE 16. SUBSETS OF CANDIDATE REFERENCES YIELDING 94%
CORRECT CLASSiFICATiON -- TRAiNING SPEAKERS

1 (6 Ref~j 2 (7 Refs.) 3 (12 Refs.) 4 (14 Refs.) 5 (16 Refs.)

6 2 6 6 6

9 
- 

7 7 7 7

10 9 9 8 8

11 10 10 9 9

19 20 II 10 10

24 27 20 13 11

- 34 21 19 13

24 20 17

27 22 20

28 24 21

- 33 27 22

311 28 24

• - - 33 27
34 28

- 33

34

42% 60% 62% 66% 60%
Percent Cor rec t Classification -— Test Speakers

110
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C. Long-Term Spectra l Normalization

The test speaker classification accuracy (66%) attained as described in

the previous section was disappointingly low in view of the rather high

language specificity exhibited by the references as determined from the train-
ing data . This poor performance prompted close scrutiny of the test speaker
occurrence results (Table 15) as compared with corresponding va lues for the
training speakers (Table 14). As a result , it was noticed that , as a group,
data from training Speakers #1 through #8, language L5, were strikingly diffe r-
ent from the group of data comprising training Speakers #9 and #10 and test —

Speakers #1 through #10, all from language L5. For example , the occurrence
va lues for Reference #10 are all less than 10 for the f irst group and large r

than 26 for the second group. This observation prompted listening to a speake r
f rom both groups for comparison. It was apparen t from this aura l comparison

that the recording conditions were quite differen t for the two sessions. 
—

Data collection documentation indicated that five different sources of data

and three differen t sets of recording equipmen t were used to obtain the 100

sessions of data used in the experiments . The sources were: (A) recordings

f rom Defense Language Institute , East Coast; (B) recordings from Defense

Language Institute , West Coast; (C ) recordings made at the University of
• Pennsylvania; (0) recordings from Radio Free Europe , New York; and (E) record—

ings made in two rooms of a church . The three recorder/microphone equipment
sets were : (1) NAGRA/D24E , (2) AMPEX/ALTEC , and (3) AMPEX/SHURE 55S . For

each speaker , Tab le 17 shows the sou rce of the data and the recording equip-

ment used , if known . It was noted that the two groups of data described
above were in fact recorded under different conditions and , further , tha t all

the speakers within a group were recorded under identical conditions. The

first group of speakers was recorded in a church building where the reverbera—
t ion level was hi gh and the high f requencies somewhat attenuated . The second
group of speakers was recorded in an acoustically treated room at the University
of Penn sylv a n i a , and the frequency range was muc h larger than for the f i rst

group .



TABLE 17. SOURCES OF ANALOG RECORDINGS

Lan guage
Speaker Li L2 L3 L4 L5

Training Spea kers
1 Al D C3 E2 E2 Sources:

2 A2 0 C3 El E2 A DLIEC

3 A2 D C3 El E2 B OLIWC

4 A2 D C3 
- 
E2 E2 C Un . of Penn.

5 A l D C3 E2 E2 D RFE

6 B D C3 E2 E2 E Church

7 B D C3 E2 E2 Equipment:

8 B B C3 A2 E2 1 NAG RA/D24E
9 B B C3 A2 C3 2 AMPEX/ALTEC

10 B B C3 A2 C3 3 AMPEX /Shure 55S

Test Speakers
1 B B C3 Al C3
2 B B C3 A2 C3

3 B B~ C3 B C3
4 B B C3 B C3
5 B B C3 B C3

6 B B C3 B C3
7 B C3 B C3
8 B C3 B C3

9 B C3 B C3

10 B C3 B C3

11 B

12 B
13 El

11. E2
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It was hypothesized that standardization of each speake r ’ s long—term

average spectrum , subsequen t normalization of f i l ter outputs to this standard ,
and subsequent reprocessing of the data would remove much of the variation in

reference sound detection resulting f rom the variation in recording conditions.

Spectra l standard ization was accomplished as fo l lows : Let D~ denote the vector

of outputs from the 16-filter analog filter bank at t ime j for some speaker,
let A denote the vector of averaged filter outputs where the average is taken

over the M samples of actua l speech occurring in 60 seconds in input data.

That is ,

A = 
~

The vector S of normed spectral averages for the given speaker is defined

to be

where A.! is the dot produc t of vector A and the unit vector !.

An idealized long-term spectral average vector , denoted Q, was obtained
by averaging the normed spectra l average vectors from one speaker of each of

the languages Ll , L2, L3, L4 , and L5. These speakers are the five training

speakers used to define the candidate references and are listed in Table 13.

For a given speaker , let q denote the k-th component of Q and let d • denote

the k—th component of D
i 

(the output of the k—th filter at time j). tet Sk
denote the k-th component of this speaker ’ s long-term spectral average vector ,
S. Then ~~~ the k—tb component of the spectral ly normalized data vector D

.i
(at t ime j) is defined to be

113 
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dk. =
_ I d

kJ

- s Subsequent to this normalization of the data the new long—term spectral average

vectors of al l speakers (averaged over the same 60-second period) are identical
and equa l Q. This standard long-term average spectrum Q and the five spectra
averaged to obtain Q are shown in Figure 1+.

0. Post—Normalization Processing and Classification Results

For each of the 100 speakers in the data base the spectrall y normalized
filter output data were preprocessed in exactly the same manner as was the
or ig inal data . This normalized data was scanned with the same set of 36
references described in Section IV .B. These 36 scanning pat te rns are exactly

t hose patterns used to process the orig ina l data. That is , the reference

extraction process was not repeated using normalized data. Had more time been

ava ilable the patterns most certainly would have been reconstructed using the
norma lized data . Occurrence va lues and the silence measure determined from

the normalized data are shown in Table 18 (training speakers) and Table 19

(test speakers) . It can be seen that the anoma l y concern ing  Reference #10,
language L5, described in the previous section has disappeared .

Evaluation of various subsets of the col lection of 37 features followed
the procedure described in Section IV.B. The set union of the subsets found
which yielded 911% correct classi fication of the 50 training speakers is the

collection of 15 features M = (1 ,2,5,7,9,10,11 ,13,14,20,26,27,30,33,34). A

forward search with substitutions (FSS) was utilized to eva l uate important

subsets of M in a systematic and automatic manner. This procedure determines

a k—e l ement subset 1
k 

of M for k = 1 , 2, . . .;  15 which yields classification

accur acy of the 50 training speakers that is higher than the accuracy using

any other subset of k elements considered .
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TABLE 18. OCCURRENCE VALUES —- NORMALIZED DATA , TRAINING S PEAKERS

FEATURE ~
LPIG SPKR 1 2 3 4 5 6 7 8 o to i i  12 13 14

1 1 7 1 9 26 31 59 82 2 2 2 33 32 20 282 56 70
- 

* 2 *9 19 *2 8* 56 54 3 6 4 4 36 26 256 101 60
1 3 7 6 17 27 25 47 2 7 76 28 10 348 31 26
1 4 16 13 37 27 *6 32 3 4 2 59 52 23 275 49 *5
1 5 4 31 19 90 08 73 19 2 42 19 9 326 47 71
1 6 8 7 2  2 5 6 50 3* 16 4 2 0 23 2 250 1 6 0
1 7 3 2 8 18 72 66 8 0  2 1 8 29 5 6 291 69 63
1 6 14 47 18 68 86 64 12 4 2 0 53 12 290 36 65

— 1 9 15 38 23 84 23 12 8 3 2 4 36 0 204 72 26

* 16 *7 11 23 46 54 53 17 23 33 32 *5 226 55 61

2 1 27 23 7 2 5 82 79 *5 3 1 02 13 t1 29~ 24 62
2 2 26 *0 37 43 31 45 26 10 177 22 13 23k 38 36
2 3 26 55 43 41 42 50 22 10 121 17 1 251 11 45
2 4 19 15 20 97 34 32 16 6 108 6 7 281 92 35
2 5 11 74 26 43 36 27 25 6 123 14 1 225 29 38
2 6 17 4 12 46 41 59 21 4 175 9 23 222 54 41
2 7 17 14 *7 23 36 32 23 5 137 16 14 277 33 33
2 8 24 36 10 67 25 32 11 4 179 33 7 284 31 24
2 9 94 11 22 13 21 52 24 11 146 44 10 242 . 7 22
2 10 26 14 40 22 58 76 23 20 139 22 17 269 26 59

3 1 15 25 16 48 80 *05 0 1 6 108 46 37 240 58 83
3 2 32 31 22 52 106 112 15 12 99 20 17 209 43 187
3 3 22 19 34 17 68 79 5 4 4 36 36 37 166 50 70
3 4 7 15 17 48 110 *45 *2 5 119 46 43 271 72 116
3 5 14 53 39 32 88 74 6 * 0 62 43 17 177 22 68
3 6 jA 22 3~i 44 33 44 13 1 122 38 11 293 29 35
3 7 9 1 7 33 78 67 126 2 2 2 62 4 3 5 241 91 73
3 8 11 6 19 6 18 43 4 48 69 26 9 177 10 14
3 9 26 22 29 26 72 121 14 14 81 23 26 158 48 79
3 1 0  $ 2 9 2~) 4 7 4 83 10 12 *16 3* 9 262 6 7 5

4 1 31 38 36 56 38 28 19 1* 56 3 3 ’80 18 30
4 2 16 6 1 ,3 1 9 17 38 8 1 2 43 4 7 196 16 17
4 3 13 19 71 58 26 46 7 6 9 92 9 1 8 267 4* 28
4 4 42 47 49 51 28 jO 27 12 104 11 5 146 25 20
4 5 18 28 48 62 54 56 12 17 66 5 1 6 317 61 53
4 6 38 48 53 47 38 27 12 18 61 6 2 304 17 36
4 7 j9 5 49 66 2. 36 14 11 66 3 3 341 51 26
4 8 27 32 50 71 13 II 4 13 141 25 3 241 56 14
4 9 23 42 44 51 29 24 13 15 114 9 4 307 9 27
4 1 0  24 17 40 62 18 23 27 12 105 14 5 257 56 21

5 1 12 25 10 58 56 61 5 12 145 4 6 353 29 63
5 2 28 26 52 62 39 4 0  7 7 7 6  4 * 4 277 44 40
5 3 43 24 27 60 81 86 3 11 69 2 9 333 35 83
5 4 33 119 31 96 57 31 13 5 195 4 5 342 28 55
5 5 63 43 57 45 44 9 7 146 5 4 409 11 49
5 6 41 13 12 16 11 27 11 17 89 3 3 256 9 14
5 7 41 14 7 87 76 60 4 3 103 1 3 327 38 76
5 8 20 27 2? 43 86 9* 9 1 5 87 6 8 357 16 68
5 9 29 164 34 127 61 28 17 9 136 17 7 297 52 62
5 10 26 29 24 42 45 44 11 13 126 5 5 264 38 51
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TABLE 18
(Continued)

FEATU RE U
LNG SPKR 13 16 17 18 19 26 21 22 23 24 25 26 27 26

* 1 165 230 10 4 11 244 4 291 39 1 %94 3~ 29 1 3
1 2 224 275 13 6 46 288 7 289 22 26 208 43 26 22
1 3 139 320 8 6 9 271 7 342 36 3 193 46 7 7

- s 1 4 124 238 19 16 11 21~ 21 291 81 14 j69 46 13 9
1 5 225 331 8 10 36 370 6 326 14 33 251 1 39 41
1 6 169 268 17 12 26 435 6 288 6 53 186 7 66 78
1 7 219 237 7 3 32 260 6 364 21 12 236 25 37 26
1 8 165 3s5 13 7 47 292 3 318 29 36 222 7 4 6 40 —

1 9 167 245 31 15 51 384 6 226 9 34 184 19 28 42
1 10 126 252 11 6 16 384 5 247 31 6 206 53 14 17

2 1 284 289 7 1 12 17~ 4 340 26 7 276 19 50 29
2 2 14~ 179 20 15 19 123 16 250 47 16 102 26 8 13
2 3 181 269 38 *7 26 j96 11 279 28 46 231 26 48 56
2 4 207 262 8 4 71 267 7 31,11 26 6 226 5 26 33
2 5 142 2112 50 24 23 292 1 236 8 67 152 12 56 63
2 6 193 213 2 3 21 173 8 244 51 7 194 8 10 12
2 7 207 228 9 9 16 176 8 296 16 5 236 20 19 16
2 8 154 281 12 24 65 283 8 299 23 51 203 25 33 42
2 9 164 228 14 15 5 257 56 256 53 12 2oU4 56 16 12
2 10 119 198 14 7 12 224 18 265 52 9 138 24 27 16

3 1 138 206 9 6 24 367 7 229 23 9 145 22 36 26
3 2 152 208 19 7 36 416 $ 259 40 14 ISO 24 47 28
3 3 12 4 154 1’~ 8 4 382 7 108 19 6 173 76 28 7
3 4 168 271 9 9 24 307 2 293 32 7 189 18 32 8
3 5 118 165 38 19 25 516 6 195 .5~ 35 136 j8 65 32
3 6 155 298 17 6 15 292 6 303 35 19 196 3 20 25
3 7 13 6 244 22 14 56 416 2 237 57 13 156 8 16 21
3 8 11~ 168 5 21 2 395 17 186 67 9 159 46 4 5
3 9 101 178 17 4 18 369 5 142 35 5 163 51 29 14

• 3 10 187 332 12 7 1 308 3 319 15 10 252 18 28 22

4 1 143 251 35 j9 22 275 16 285 13 36 179 18 31 46
4 2 152 214 8 11 4 252 1 198 17 9 176 10 3 4
4 3 j92 281 51 58 46 361 14 283 45 49 254 73 14 36
4 4 148 131 37 24 35 212 9 183 21 4 . 197 38 40 55
4 5 227 3~i0 41 16 32 262 6 315 32 23 234 10 31 24
4 6 167 283 38 28 33 292 26 326 36 49 227 33 44 60

4 7 188 321 16 15 39 j46 14 344 53 j O 239 14 6 12
4 8 133 221 40 35 45 181 14 246 34 40 15 1 19 16 33
4 9 132 256 38 47 46 244 15 284 32 36 136 15 35 55
4 10 256 292 23 9 47 249 13 280 34 14 281 43 15 26

5 1 135 344 24 18 41 336 7 375 53 33 188 6 32 35
5 2 1j 4 290 33 18 39 227 26 293 66 27 162 9 26 26
5 3 191 31~ 10 11 32 224 15 374 5% 7 228 17 24 24
5 4 278 424 64 62 86 239 23 424 45 123 370 46 89 116
5 5 325 438 38 24 46 96 8 449 24 64 461 39 57 71
5 6 2* 5 267 20 42 13 230 21 302 33 21 248 48 j 1 17
5 7 231 337 1 8 5 1 126 12 305 3i~ 19 266 15 3. 33
5 8 178 354 25 22 33 258 12 387 52 43 p36 33 43 36
5 9 210 227 69 58 83 256 2 303 13 97 191 11 78 122
5 10 123 279 19 12 23 276 9 312 35 21 170 16 33 24
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TABLE 18
(Continued)

FEATU RE U
L?IG SPKW 29 30 31 32 33 34 35 36 37

- 
- 1 1 241 12 238 156 6 2R 216 328 46

1 2 304 14 275 251 6 7 298 337 17
* 3 223 19 1Q4 165 6 j7 232 351 17
1 4 107 48 1~ 7 169 9 3. 166 285 64

-s 1 5 361 19 298 149 1 1~ 334 353 6
1 6 211 4 j9 4 149 ~ 6 238 296 6
1 7 273 1 6 2 64 232 0 13 229 323 23
1 8 284 18 235 180 P 11 367 343 8
1 9 216 18 1~~5 172 6 10 246 240 11
1 10 234 32 1611 158 0 7 238 253 37

2 1 337 *7 331 282 36 6 280 350 6
2 2 207 61 184 174 21 36 163 265 43
2 3 250 23 207 197 32 j 4  247 289 38
2 4 271 17 269 199 16 13 235 336 jS
2 5 191 7 175 135 1 3 178 237 5
2 6 222 40 225 187 3 11 204 260 14
2 7 271 40 258 267 3 3 216 305 13
2 8 2.30 16 177 189 0 - 5 223 306 12
2 9 216 93 1~~1 2Q10 25 3 189 227 21
2 10 j 74  43 132 140 9 13 131 232 46

3 1 162 29 168 128 1 26 161 259 35
3 2 217 40 196 159 s 7 195 250 26
3 3 162 25 137 142 1 15 143 208 54
3 4 229 29 2 & t  153 10 j7 232 301 15
3 5 173 23 139 114 1 14 161 2o5 26
3 - - 6 258 37 213 87 8 j 7  282 309 17
3 7 172 21 jRO 119 2 28 189 242 42
3 8 172 45 16~1 154 8 12 152 192 53
3 9 157 26 146 123 4 26 179 199 46
3 10 295 23 2P8 146 4 8 333 312 22

4 1 220 23 198 144 10 11 186 275 10
4 2 204 13 174 142 3 7 222 248 24
4 3 277 71 247 184 0 37 2 9  316 168
4 4 2 *6  31 199 216 36 21 142 194 46
4 5 289 32 276 200 15 23 277 348 36
4 6 286 5~ 233 192 15 22 243 329 62
4 7 305 62 245 IBj 16 35 313 388 53
4 8 198 48 170 132 7 34 166 245 47
4 9 161 48 152 123 22 36 158 264 49
4 10 296 32 287 245 8 17 296 324 36

5 1 266 35 172 120 3 2* 312 357 46
5 2 2j7 63 j3j 164 11 j4 212 242 29
5 3 290 34 245 230 16 14 256 340 28
3 4 433 63 321 293 4 11 426 413 18
5 5 438 37 368 291 7 11 423 455 38
5 6 204 PR 256 235 27 1 287 325 21
5 7 332 4 1 292 271 5 6 316 390 1-1
5 6 260 51 231 183 12 j I 274 346 36
5 9 2.32 25 2~ 4 199 14 12 194 321 21
5 10 224 23 158 162 2 8 226 276 24
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TABLE 19. OCCURRENCE VALUES —— NORMALIZED DATA , TEST SPEAKERS

FEATURE U
L~JG SPKR 1 2 3 4 5 6 7 8 9 16 11 12 13 14

1 1 jO 39 20 89 68 72 2 1 3 47 29 27 277 109 72
1 2 6 5 * 6 11 43 69 0 3 5 43 44 6 244 20 43
1 3 13 16 22 30 44 73 1 1 6 37 5 2 2 199 32 45
1 4 7 1 3 24 29 36 60 0 3 2 43 22 17 *61 21 40
1 5 6 3 5 31 69 94 95 18 12 19 19 j3 j74 58 97
1 6 9 11 12 98 36 43 0 9 43 35 9 198 103 41
1 7 5 2 0 43 63 29 53 5 2 6 36 22 4 163 28 30
1 8 3 20 21 78 22 28 1 13 56 35 4 212 65 24
1 9 11 9 24 11 29 33 9 34 32 74 1 165 1 31
1 1 0  10 19 20 8 6 2 72 2 2 0 25 26 13 215 3 6 7

2 1 25 27 44 29 67 79 2 3 9 78 13 23 297 22 73
2 2 12 9 46 78 26 26 5 8 155 13 20 268 46 26
2 3 36 2 16 80 41 60 13 -10 133 19 20 252 90 48
2 4 27 131 76 67 73 32 17 16 124 14 5 236 9 6 7
2 5 18 57 51 64 23 15 7 9 192 20 3 292 15 23
2 6 43 23 24 32 50 46 37 12 97 13 2 267 13 50

3 1 27 44 61 19 84 111 3 33 132 21 51 209 19 86
3 2 12 23 44 25 85 1*2 6 37 196 10 25 243 33 91
3 3 12 34 19 23 84 79 0 32 138 55 22 192 24 84
3 4 16 *7 49 22 57 95 16 2 7 93 24 43 126 35 58
3 5 23 60 34 79 95 119 13 15 61 4 39 115 81 167
3 6 16 69 13 35 116 83 0 14 126 37 j6 201 31 112
3 7 23 82 34 49 134 85 7 9 133 39 12 189 23 133
3 8 44 26 49 20 76 84 10 42 81 20 19 211 36 78
3 9 jl 43 71 32 54 44 2 31 74 2. 18 208 15 58
3 j O 16 43 47 26 72 61 0 28 86 26 9 148 13 64

4 1 12 15 15 74 62 49 35 6 115 37 7 243 41 63
4 2 8 49 39 68 29 34 6 8 124 24 2 248 29 35
4 3 60 44 62 87 43 21 46 9 154 3 1 217 45 41
4 4 3 11 24 42 4 1 16 7 237 24 0 293 18 3
4 5 j6 15 26 23 40 66 14 0 75 7 16 229 19 40
4 6 12 7 10 62 43 42 18 18 94 14 5 313 68 46
4 7 26 6 50 24 13 16 27 8 152 6 0 244 6 16
4 8 22 27 52 46 51 37 31 9 142 31 8 276 23 49
4 9 10 29 86 77 1~ 9 14 9 101 33 0 260 35 14
4 1 0  18 53 51 51 51 53 23 23 78 8 3 236 23 52
4 11 22 39 31 89 2 2 9 9 64 2 6 287 11 4
4 1 2  13 29 42 99 68 54 10 3 3 4 19 7 306 43 75
4 13 27 24 47 4 1 41 49 34 7 65 12 2 221 39 44
4 j4 26 84 35 90 64 36 11 13 61 3 4 315 25 65

5 1 j 3 36 21 86 77 68 5 3 98 8 4 27 1 79 79
5 2 24 80 19 53 56 31 4 13 92 16 16 259 26 53
5 3 11 38 26 62 65 62 8 2 5 124 17 7 167 25 68
5 4 28 71 18 81 62 25 3 13 148 6 1 193 15 57
5 5 12 36 25 63 67 63 9 1 3 125 20 6 161 26 66
5 6 35 63 61 - 53 46 25 6 16 117 23 8 155 26 44
5 7 21 56 18 23 109 84 6 - 21 85 7 9 214 8 167
5 8 50 25 11 24 66 63 12 12 152 I 9 310 16 69
5 9 43 46 23 64 69 52 1 5 9 5 36 6 257 35 74
5 10 26 45 38 66 70 83 5 16 158 6 22 222 62 76
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TABLE 19
(Continued)

FEAT URE 0
LUG SPKR 15 16 j7 18 19 20 21 22 23 24 25 26 27 28

1 1 01 261 10 4 46 349 2 269 38 11 147 20 43 27
1 2 127 261 7 11 5 241 4 269 30 6 177 30 9 5
1 3 *39 251 16 26 15 211 2 226 14 20 195 22 24 19
1 4 180 238 24 35 15 188 3 226 36 23 254 68 15 12

- s 1 5 117 133 17 11 27 226 2 189 28 12 129 16 43 32
1 6 265 253 6 9 42 399 5 243 33 9 253 21 12 16
1 7 115 266 33 49 34 286 *5 206 40 48 224 68 22 33
1 8 196 277 22 31 30 358 24 236 57 42 181 35 20 38
1 9 128 197 22 26 5 289 7 191 21 16 211 68 10 18
1 10 153 237 11 13 6 267 12 251 56 7 224 33 31 14

2 1 179 239 26 21 26 330 6 284 42 23 173 24 33 19
2 2 157 277 11 27 60 162 44 274 79 22 214 14 *6 30
2 3 119 231 2 2 48 279 11 267 57 4 196 41 6 5
2 4 152 258 83 52 44 246 13 238 26 86 *85 14 100 97
2 5 149 254 57 68 26 322 1 286 29 89 179 18 33 69
2 6 198 280 16 31 28 332 41 279 63 45 281 68 23 35

3 1 162 2*4 47 32 9 290 4 249 48 36 195 50 43 30
3 2 87 215 27 37 16 274 3 237 28 27 135 32 23 22
3 3 19t~ 192 8 6 16 236 7 192 53 5 121 26 46 19
3 4 113 143 24 10 7 322 1 138 38 9 143 36 23 12
3 5 118 156 26 7 57 349 7 134 23 11 135 15 68 50
3 6 205 246 9 8 29 266 7 249 36 13 257 60 79 37
3 7 112 162 2* 4 31 339 5 266 24 17 118 13 100 53
3 8 152 241 26 24 13 275 21 243 57 15 224 77 26 6
3 9 63 137 45 25 17 234 2 196 32 41 93 18 42 36
3 10 126 -137 41 4l 22 372 16 161 30 38 139 40 48 48

4 1 241 261 12 7 35 226 6 283 47 44 267 15 16 37
4 2 133 260 38 48 43 266 13 246 22 53 173 17 24 50
4 3 128 162 28 15 61 230 34 233 77 33 128 23 38 52
4 4 197 289 19 19 27 237 8 321 27 25 124 16 6 24

- - 4 5 216 311 18 15 14 335 9 306 15 12 271 41 13 *3
4 6 123 284 -12 18 31 225 11 364 38 5 146 10 12 9
4 7 85 164 15 8 12 234 18 216 53 15 98 10 9 15
4 8 j4$ 232 34 26 25 170 24 276 51 31 142 12 32 36
4 9 141 257 67 101 48 216 11 269 18 106 181 15 21 55
4 10 165 252 54 47 47 369 8 248 21 53 226 43 57 58
4 11 249 299 56 109 55 j94 15 322 21 93 265 19 15 63
4 12 177 292 23 16 59 224 4 312 36 33 209 17 35 49
4 13 189 184 36 14 21 205 15 217 46 23 18* 16 19 28
4 14 393 356 40 31 57 66 9 367 16 61 330 16 75 81

5 ~ 174 224 16 8 53 275 15 274 60 19 156 8 42 34
5 2 136 261 59 42 46 338 3 259 14 67 15* 19 75 83
5 3 69 148 24 18 47 263 3 168 44 41 93 16 51 39
5 4 118 161 18 25 41 362 7 202 39 44 141 26 75 79
5 5 73 *4 1 22 16 41 252 9 158 33 41 95 18 48 43
5 6 86 ios 67 49 32 210 12 152 46 45 83 7 53 64
5 7 116 195 18 12 12 214 9 226 42 19 132 31 81 43
5 8 195 236 8 5 1 5 250 13 333 21 3 175 29 41 14
5 9 195 248 19 9 38 239 14 277 45 26 197 22 54 56
5 1 0  126 *44 30 1* 59 253 21 227 36 29 131 27 65 46
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TABLE 19
(Continued)

FEATU RE U
LUG S PKW 29 30 31 32 33 34 35 36 37

1 1 195 29 123 161 6 j3 228 257 29
1 2 266 25 168 148 6 16 221 266 33
1 3 223 13 175 162 0 6 234 252 *3
1 4 258 16 262 222 0 10 238 245 46
1 5 161 14 150 147 6 28 148 *91 36

F 1 6 300 18 2311 245 o 8 293 305 7
1 7 234 41 149 166 6 1~ 266 281 63
1 8 214 61 137 119 2 22 265 282 69
1 9 199 24 148 180 2 15 187 226 41
1 10 248 30 196 192 2 10 239 239 36

2 1 225 24 221 180 23 18 266 361 66
2 2 247 89 178 166 46 17 248 278 65
2 3 219 37 165 182 6 16 134 249 24
2 4 21 6 51 176 125 3 2~ 238 257 46
2 5 290 40 jRj 143 16 26 269 303 52
2 6 286 71 228 247 1 j4 252 300 43

3 1 235 41 213 193 7 20 209 233 76
3 2 15’ 33 116 95 4 38 144 222 66
3 3 136 32 139 169 5 19 152 192 56
3 4 133 24 147 140 $ 42 144 159 59
3 5 142 20 149 134 0 25 *52 197 39
3 6 270 23 243 229 1 . 12 259 286 32
3 7 141 24 149 135 6 31 119 205 36
3 8 2 13 32 102 266 0 23 213 259 66
3 9 109 29 97 71 7 29 162 166 79
3 10 152 42 1~ 3 147 7 42 154 286 94

4 1 27~ 35 265 240 12 6 274 296 14
4 2 206 33 176 1145 16 jA 229 285 39
4 3 154 7j  177 145 35 39 * 4 7  199 63
4 4 196 53 141 85 15 5 2 t 1  274 18
4 5 305 24 242 241 45 6 312 336 22

• 4 6 223 52 171 103 11 15 2 14 293 47
4 7 153 83 123 88 6 22 124 164 54
4 8 175 63 176 136 6 32 170 255 51
4 9 219 68 1~~3 118 19 18 236 294 57
4 10 242 3~i 219 1 .3  51 23 229 286 58
4 11 290 43 278 225 7 1~ 

283 328 29
4 12 245 42 228 1 2  14 40 256 335 4 1
4 13 215 29 229 204 6 18 162 272 33
4 14 367 38 337 286 3 j S  36* 396 31

5 1 eoS 48 211 163 13 14 167 275 23
5 2 19~ 25 168 159 11 jO 197 258 24
5 3 ioo 29 Q6 84 13 13 95 *48 26
5 4 178 30 i~~9 144 16 j I  102 196 29
5 5 1I~~ 26 1L’ 1 88 14 j 4  86 148 27
5 6 94 35 99 94 16 26 63 117 43
5 7 135 36 142 136 1 9 141 294 33
5 8 247 23 238 219 56 1* 194 285 13
5 9 269 57 24 3 932 13 22 229 274 27
5 10 137 33 139 127 34 26 1111 18 1 36
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The first stage of FSS eva l uates each feature of M by itself. The one

feature y ielding best accuracy is selected for M
1 
and is used in the next

stage of FSS. The k—th stage of FSS uses the output Mk_l = Cy 1, 
~2’ ~k-l

1

of stage k—l. All subsets [y 1, ... , 

~k l ’  x), x 
LM_M k, are first evaluated

selecting 
~k 

to be the feature al l ow ing the best accuracy. Then for each of

y1, •. . ,  

~k—l 
substit ution s are made one at a time using all features not al—

ready inc luded, determining in each case the feature yielding best accuracy.
If accuracy is not improved by such substitution the or iginal feature is re-

tained .

The results of th is application of the forward search with substitution s

are shown in Table 20. The occurence of an asterisk at the intersection of a

row and a column indicates the use of the feature corresponding to the column
in tha t subset corresponding to the row. The percent correct classification

of the 50 training speakers resulting from use of each subse t of fea tures is
shown in the last column of the table. For examp le , the 9-element subset of

fea tures M
9 
= [1 ,2,5,7,9,10 ,20 ,26,34) yielded 94% correct classification .

The six subsets of features yielding the highest training data c lassif ica—
tion accuracy (94%) were used with the nearest—mean decision rule to classify

each of the 50 test speakers. The resultant classification accuracies are:

P49 - 70%

- 74%

- 76%

P4 12 
- 74%

P4 13 
— 72%

P4 14 
- 80%.

Based on the use of the 1k-e lement feature subset P414, the 80% classifica-
tion represents a si gnificant improvement over the accuracy (66%) attained

52
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TABLE 20. RESULTS OF FSS FEATURE SELECTION

Feature ft

* 

k 1 2 5 7 9 10 11 13 14 20 26 27 ~~ ~ Correct

* 46

2 * *  70

3 * * * 74

4 * * * * 82

5* * * 84

6* * * * * * 86
7* * * * * * 86
8 * * * * * * * 88

9  *  * 914

10 * * * 94

11  ~~ 
-
~ * * 94

12   * * * * 94

13  ~~~~* * * * ~~~~~~~~~~*~~~~~~ * * * 94

14   * * .~ * * 94

15   * 88
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before data normalization . Decision function values and classification s

resulting from the use of M14 are shown in Table 21 (Training data) and

Table 22 (Test data) . Comparison of these results with those in Appendix B

resulting from the use of orig inal data indicate that the improvement in
classification is due mainly to the standardization of the data from L5
speakers . Specifically , following normalization there were no L3 — L5 confusions.

The large number of L2 - L14 confusions indicate the need for refe rence patterns
with 12 and Lk language specificity. A final observation is the inclusion of

the silence measure in M 14 i n d i c a t i n g  its usefu lness as a language discriminant.

5L~
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TABLE 21. DECISION FUNCTION VALUES RESULTING FROM USE OF
M14—-TRAINING SPEAKERS

DECISION FUNCTI ON VALUES (01ST. TO LAN G . MEAN) (TRA IN ING D A T A )

FEATURES US EO~ 1 2 5 7 ~ 1~ 11 13 14 20 20 30 33 34
LANG LIAGE

LP4G SP$fl 11 1.2 L3 L4 1.5 D E C .  u COR K , TOT ,
1 1 2,524 5 ,368 2,328 4,767 4,740 1 —

1 2 2,932 5.4 74 3,800 5,467 5 ,147 1
1 3 2,556 4 .235 3,633 3,423 3,934 1
* 4 3,936 5.269 4,193 4,243 5,320 1
1 5 2,644 4,369 3.186 4,424 3,963 1
1 6 4,~ 09 5 .842 4,79? 5.743 4,962 1
1 7 2.661 5 ,350 3,686 4 ,775 3.965 1
1 8 2,364 4 ,753 3.316 4,864 1,446 1
* 9 2.470 4,959 4.303 4,305 4,664 1
1 10 2,499 4,477 2,98? 4,426 4,404 1

10
2 1 5,373 3,780 5.653 4,353 3,874 2
2 2 6,244 3.224 5,861 3,698 4,766 2
2 3 5 ,346 2 ,783 5.4 * 7  3,356 3.483 2
2 4 3.980 3.368 4.726 3,464 3,795 2
2 5 4 .425 3.689 5 .103 4 ,398 3.960 2
2 6 4 ,622 2 ,797 4 ,513 3,9 14 3,826 2
2 7 4 ,268 1.894 4 ,4 36 3,328 3,26 1 2
2 8 4,152 2,658 4 ,341 3,765 3,568 2
2 9 8,66 7 6 .429 8,4 79 7,144 7,374 2
2 16 4 .136 1.626 3,478 3,127 2,83o 2

16
3 1 3.899 5 ,752 2 ,399 5,807 5,325 3
3 2 4 .277 4 .711 2.893 5.4 16 4 ,012 3
3 3 3,775 5.9(’8 3.185 5,652 5,391 3
3 4 5 .221 6 ,147 3,683 6 ,922 6 ,172 3
3 5 3,763 5 .695 2.696 5,845 4 ,933 ~3 6 3 ,245 2 ,610 3 .329 2,936 3,293 2
3 7 4,188 6.228 3.595 5,625 5,496 3
3 8 3.713 4 ,398 4 ,166 3.44 3 4 .114 4
3 9 3.326 4 ,553 2,079 4 ,241 4 .193 3
3 19 3 ,126 3.621 2 ,691 4,273 3,161

8
4 1 3,636 2 .823 4 .324 2,392 2,48 1 4
4 2 3.597 4.246 4 .852 3,533 3,927 4
4 3 5.379 5 ,43 2 5,394 3,840 5,067 4
4 4 6,~ 3? 3.414 6,104 3,385 4,379 1
4 5 3,304 3 .222 3.524 2 ,467 2,736 4
4 6 4 ,238 3 ,43 5 4 ,478 1,946 2,544 4
4 7 5 ,206 4 .269 5,672 2 ,556 4 .262 4
4 8 4,ó29 4 ,976 5 .221 2,974 4,1485 4
4 9 4 ,976 3 .257 4 ,955 1 ,986 3,180 4
4 10 4 ,236 2.686 4,840 2,539 3 ,670 4

16
5 1 3.783 3,633 3.246 3,33 1 2 ,56 4 5
5 2 3.902 3 .292 4 .030 2 ,462 2 ,369 3
5 3 4.~i53 4,098 3,758 3.914 2,443 5
5 4 5,673 4 .928 5,698 4 ,765 3,644 5
5 5 4,689 3 .529 5 ,j39 3,6 4 *  2,653 5
5 6 5.547 .1,785 5,095 3,674 4 ,656 4
5 7 4 ,o26 3.798 4 ,684 1,996 2,4914 5
5 8 3,960 3.701 3.312 3,756 2,239 5
5 9 4 ,646 3,773 4 ,612 4,387 3, 31 4 5
5 16 3,127 2 ,566 3,440 2,683 1.855 5
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TABLE 22. DECISION FUNCTION VALUES RESULTING FROM USE OF
M14--TEST SPEAKERS

DECISION FUNCTION VALUES (DXST. TO LANG , MEAN) (TEST DATA)

• FEATUR ES ii sr.fl: j 2 5 7 o 10 II 13 14 20 26 30 33 34
LA NGUAGE

LNG SPK~ LI 12 L3 14 15 DEC. 8 CO RR , TOT ,
* 1 3.159 5,802 3,393 5,614 5,152 1
1 2 2.520 4,720 3,761 4,317 4.243 1
1 3 2.637 4.524 3,759 4,686 3,555 1
1 4 3.552 5.290 4,442 4.599 4,545 1
1 5 3.555 5,347 3,781 4,983 4,6414 1
1 6 2,764 5.427 4,~~19 5,049 5,076 1
1 7 3,447 5,~’84 4,498 3,833 4,464 1
1 8 3,427 5.191 4,273 3,958 4.729 1
1 9 4.747 ei.166 5,615 5,847 6,378 1
1 10 2.598 4,664 3.109 4,2~ o 3,539 1

10
2 1 3,674 4,985 2,745 3,792 3,172 3
2 2 6,964 5,P14 6,548 4,919 5.411 4
2 3 3,776 3,609 3,677 4,672 4,003 2
2 4 6,~’49 5,318 5.826 5,379 4,299 5
2 5 4.~’Rt 3,651 4,355 2,363 3,182 4

— 2 6 6.399 4,885 6,187 5,675 5,365 2
2

3 1 5 ,496 5 ,761 3 ,814 6,642 5 ,186 3
3 2 4,401 5.449 3.195 4,760 4.315 3
3 3 3.998 4,885 2,996 5,358 4,454 3
3 4 4,581 5,403 3,432 4.817 5.362 3
3 5 4.683 6 ,256 3,950 6,193 5,416 3

— 3 6 5.196 5,990 4,276 6.417 4,935 3
3 7 6.196 o,953 4,906 7 ,213 5.981
3 8 4.421 4,883 3.917 4,563 4 ,261 3
3 9 3,w 7 3  4 ,197 2,984 3,27 6 3.131 3
3 1i~ 4.418 5 ,498 3,725 4 ,213 4 ,292 3

10
4 1 4.639 2,955 4,663 4,485 4,452 2

-
. 4 2 3.485 2,947 3, 882 2,423 2,706 4

4 3 ~,486 5,623 8,928 5,623 6,538 4
4 4 5.1814 3,398 5,729 3.646 4 ,369 2
4 5 5.546 4 ,427 5 .383 4,420 4 .778 4
4 6 3. 64 2,764 4.068 2,659 3,158 4
4 7 6 .i141 3,489 6,091 3,45 1 4,493 4
4 8 5.595 3.470 5,261 3,813 4,509 2
1 9 4.715 3,403 5.236 2,835 3,980 4
4 10 6,468 5,033 0.319 4,669 5,294 4
4 11 4,644 3,871 5.692 2,770 3.429 4
4 12 3.913 4.792 3,956 3,451 3,984 4
4 13 4,399 3,270 5,671 3,365 4,609 2
4 14 4.615 4 ,417 5,365 4,109 2,946 5

9
5 1 3,868 4,178 3.663 4.015 2,986 5
5 2 3,538 3.916 3,589 3,686 2,366 5
5 3 3.283 2,804 2,937 3,119 1.902 5
5 4 4,506 4.601 4,145 4,011 2.493 5
5 5 3.115 2.779 2,846 3,296 2 ,325 5
5 6 4.562 3,201 4.422 2,959 2,51 8 5
5 7 4.702 5,534 4,247 5,582 3.653 5
5 8 7, 081 4,748 6,199 5,343 4,932 2
5 9 4,231 4,955 3,798 3,736 2,840 5
5 IV 5,620 4 ,252 4.583 4 ,426 3 ,503 5
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SECTION V
EPILOGUE

A. Suninary and Conclusions

A stud y of consonant—vowel—consonant hyperphones in English indicated

that such 3—phoneme sequences do not occur often enough to provide operationa l

capability. Consideration was given to the determination of recurrences of a

broad sound class rather than a specific phoneme-like sound. Six classes of
sound transitions were considered . It was found that the continuous nature of

the data precluded reliable detection of component transitions using 50 ms
scanning patterns. The use of singl,e steady-state reference sounds was then

studied. An automatic speake r adaptation technique provided modification of
standard references to allow for small speaker-to-speaker spectral variat ions.

This technique allowed stable detection of English nasals and sibilants in

continuous speech. Departing f rom comple tely  au toma t ic reference selec t ion
techniques used in prev ious studies , in teractive reference extraction procedures
were applied . - Preli minary processing of 36 references indicated that they
possessed some language specificity. A five-language classification experimen t

using 13 of these references , along wi th a silence measure , yielded 17 classi-

fication errors of the 50 test speakers classif ied (66% correct classification).

Standardization of the long-term average spectrum for each speaker in

the data base and subsequent data reprocessing using the same 36 references
• provided much improved performance. Use of a second set of 13 reference sounds

along with the same silence measure provided classif ication of the 50 test

speakers with only 10 errors , providing 80% correct classif ication . This

Improved performance provides several implications. Long—term average spectra

vary much less with language than with speaker and/or recording conditions.

Several single steady-state reference sounds have been determined which provide

good language classification . The number of references required is small

enough to provide real-time operation of a classifier. And , an appropriate

voicing measure will aid In discriminating languages.

L _ __  - ---~~~~ 
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B. Reconwnendat ions

The collection of language—specific reference sounds should be expanded

in several directions. More sounds usefu l for discriminating languages L2

and L4 are needed. Use of pa i rs of sounds rather than sing le sounds is poten-

tIally val uable. Multiple representations of established references would

help alleviate the prob l em of soeaker dependence.

In view of the coloration of previously obtained results2 by the non-

uniform recording conditions for collection of the data base, the reference

selection techniques and resultant reference sounds should be reconsidered.

The poor results from using those techn iques may have been due more to the

spectral coloration than to the nature of the resultant references.

Consideration should be given to development of a speaker adaptation

procedure. Use of speaker adaptation would provide better detection of refer-

ence sounds and keep smaller the number of required references. Specific areas

for research include developing a rule for cessation of adaptation , and deter-

mining a method for preventing transmutation of the adapted sound away from

the target sound.

Other measures of language discrimination should be considered . For

language 11 and 13, pitch is phonemic. For languages L2, L1+, and L5 pitch

conveys non-phonemic Information . The use of pitch as a language discriminant

could provide a much more robust language classification algorithm. The ob-

servatlon that a silence-to—speech ratio was useful for closed-set language

identification warrants further investigation into use of this measure and simi-

lar voicing interval measures for language classification .
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APPENDIX A

CANDIDATE REFERENC E SCANNING PATTERN S

LEGEND

F’ SYM~30L , “ + 0 B S

LEVEL 0 1 2 3 1 1 5 6 7

(+14+ 0+ ) (+ r~) (+0””H , , “ )  (“ 0) ( N~~ = “=) ( B)
(.O , 0+ ” ) ( t) 0) (“:“ “ B  ““)(, 

~
) (

~ B = “)( 0)
(= s=0=+=6:)(M=+) (++~~ :::Of))(+ O) ( +:=: ::)(: +)

REF I ( 105 25) REF 7 ( 113 -: ) REF 13 C 122 27)

C (ThU “+ ) (  t3) (,BO+ , ““ ) ( b  ) ( -,OB +0)( B)
C ,B8 .“ “ )(  B) C DO:, ““ )(5 =) ( ,0B, +0)( B)
(:=0=.==::)(::+) (++:O::)(-s.::) (:: ::::)(::D)

REF 2 C 101 35) REF 8 ( 92 43) REF 14 C 127 22)

( uS” + ,“ ,) (“ ~) 
( “:0” ,S) (5$:) (0$ 0= )(5 0)

( )S” ,“ ,) (“ ~3) 
( “flB+ 8) (S$ii ) (08. 0: ) (S 8)

(=::::: )(::+) (~~~:00O +:)(::f3)

REF 3 ( IOM ~5) 
REF 9 ( 160 1) REF 15 C 130 105)

( •t4 ,” ,”:) ( Q) (““ ,“ +““ +)  (“0 ) (00 +++ p ) (S 8)
( :i .~ “ , “ +)  C U) (,,,+:“ , “:) (S$ +) (SO +:+, ) (5 ~)

F (:Q::~~ :+)(:::) (“+:O:++OO) ($B$)

REF 11 ( iOh 130) REF tO C 115 17) REF 16 C 131 150)

.014 +0)( ~j) (+ M, “ + ) (  ~3) ( +50+ ,,,)(, 0)
( ,014 +:) ( ~3) 

(+ :B, “+) C ~) ( +S=: ,““) (, 8)
(::“$ , ::)(:~~~)

REF S ( 110 40) REF 11 ( 116 9) REF 17 C 132 37)

(“  =6+ “0 ) (  3 ) (B+ ,+0” )(8”O) ( +SIj ,,,“)(“ 3)
( “  :0” +1)) ( 

~) 
(p3: “ :0 , ) (S t3) ( +S:, ,““) C” 0)

(=::=:::=:)(=:=) (0:::0:+)(:”)) (:~ :+0+:o~~) C : ”)

REF b ( 112 34) REF 12 C 120 ?95) REF 18 C 133 51)
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( +B”+ ,+)( 5) (:3:’,”” , )($ 5) (=5” :: ) ( B  B )
( ,:$ “,“ “) (  

- 3) (:8::,,”, )(S 9) ($ “  :: )(B 8)

(:080” :OO+)(:::) (:8:+::: )(::: )

REF 19 C 134 62) REF 26 C 143 9) REF 32 C 148 103)

(.88+ :+ , ) ( +  5) ( •BB “)( B) ( ““~~~~ : )($$O)

(+80+ + )( 1) C 080 “+)( 8) C ““ ++ “0 )(8$8)
(::..:BO)(+ 0)

REF 21 C 136 26) REF 27 C 141 21) REF 33 ( 150 12)

(80 ,+O” )($ B) C ,OB: “:)( B) ( ~~ 
l t H
, )(0 5)

(5: , O”  )($ B) C ,BB”” “+)( B) ( 0$”0 •~~~,) (
N 

~
)

(“ :BB++:O)(”:+)

REF 22 ( 138 129) REF 28 C 161 34) REF 3M C 151 15)

C OS” :+ “ )( S) (BS, ,=:“ ) ( $ 5) (05 +:+ , ~~ $ 5)

(,8S, :+ “ )(B 5) (8$, ~~~~~~~~~~ ) ( $ 0) (O S +++ , )(S 0)

(OO:=:=:::)(B::) (:O=O::::)(::H) (:: +:::)(::“)

REF 23 C 139 27) REF 29 C 145 146) REF 35 C 153 229)

C “30+ ” +“)( 5) (,B $, :+~ )(+ 9) (80 “:, ) ( $ +)
( “SO” , ““)( 3) (,08” =~~~, )(+ B) (B9 “ +:, ) ( 5  3)
(:_::::_) C::: ) (:++O::+O:) C:::) (:0:::: :+=) (::$)

REF 24 ( 140 43) REF 30 C 146 27) REF 36 ( 155 202)

(O$,,,++ , )($ 5) (09 0:, )($ ) (,BB”” ,,, )(O B)
(O$.,.++ , )($ ~) 

(05, 0: )($ B) ( 6$”” ,“ )(: 0)
(:OO: ::+:)(::B)

REF 2’~ ( 142 160) REF 31 C 147 139) REF 37 C 158 38)
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APPENDIX B
DE C ISION FUNCTI ON VALUES

flLCj’I0,.~ FLJNCT IUN VALUES (DTST . TO LA NG. M E A N )  (TRA INING DATA )

rrAT U~E5 osLo : C. 9 i tt’ 01 ts~ 24
LANGUAG E

LN G SPKr LI L2 L4 L~ OEC, U CORR . TOT ,
I I 1.~’33 3,j69 2,873 4 ,254 4,103
1 2 1.574 3.256 3,250 3 ,54 ’J 3,238
1 3 1.~SQ4 2,145 2.~ 51 2,053 2,990

- . 1 4 1.538 2,166 2.09$ 2,529 2,909 1
1 5 1.153 2,195 2,134 2,037 2,410
1 6 2.524 4.357 4.228 5,391 5,108 1
1 7 1,475 2,583 2,631 2,727 3,353 1
1 8 2.~ 75 3,903 3,699 4 .944 4 .707 1
1 9 1,993 3,426 3,437 2,927 2.713 1
1 10 2,w75 3,012 3,205 2,113 3.316 1

10
2 1 2.u67 1.192 1,858 3,337 3,136 2
2 2 3.312 1,P53 2,915 2,290 2,48 1 2
2 3 2,644 1,622 1,067 1,900 1,782 2
2 4 1,68t~ 1,530 2,261 2,885 2,850 2
2 5 2,329 1,15~i 1 ,518 2,726 2,74k 2
2 6 3.454 1.720 2,329 4.933 3.621 2
2 7 3.492 1,313 2.125 2,579 2,945 2
2 8 3.649 3,304 3.422 4.535 3,575 2
2 9 3.593 1.715 1.725 2,539 2,871 2
2 11 2,544 w ,654 1,~ 00 2,432 2,594 2

1~3 1 3,461 2.905 1.835 4.55~ 4,145 3
3 2 1.784 1,582 1,161 2,665 2,191 3
3 3 2.905 2,256 1,714 2,520 3.155 3
3 4 3,223 2.515 2,116 4 ,609 3,842 3
3 5 2.366 2.051 0,983 3,394 3,903 3
3 6 2.617 1 ,407 1,747 1 ,558 2,129 2
3 7 3 .390 1,489 1,922 3,143 3 .038 3
3 8 3,538 1,631 1,292 3,26 1 2,872 3
3 9 3,~ 5R 2,298 1,608 3,289 2,159 3
3 1~ 2,737 1,681 1 ,666 2,141 2,828 3

9
4 1 3,319 3,455 3,629 1 .211 2,615
4 2 2,924 2.294 2.781 1 ,485 2,832 4
4 3 3.159 2,128 2,449 1 ,381 2,562 4
‘ 4 3,371 3,103 3,390 9,731 1 ,673 4
4 5 1,778 1,962 2,425 1 ,336 2,944 4
4 6 3,398 2,976 3,201 1 ,14 7 2 ,183 4
4 7 3.279 3,578 3,787 1 ,339 2,189 4
4 8 3.744 2.116 2.391 1 ,639 1,705 4
4 9 3,798 3 .350 3,638 1 ,372 1,389 4
4 10 3.i67 2,890 3,203 1 ,949 1 ,438 4

10
3 1 2,459 1.674 2,426 1,753 1.346 5
5 2 2,447 1.803 2.418 1 ,388 1,257 5
5 3 1,993 2,519 2.775 1~~Q73 2,954 4
5 4 6,724 6,576 6,549 5,191 4,435 5
5 5 4,214 3,501 3,793 2,210 1,344 5
5 6 3.229 2,809 3.161 1 ,643 0,812 5
5 7 3.525 3,413 3,788 2,763 2,129 5
5 8 3,o67 3,587 3,599 2,782 1,504 5
5 9 3,688 2,351 2,362 2,489 1.332 5
5 10 6,212 ‘1,354 3,793 5,588 5,378 3
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UELISION FUNCTION VALUES (DIST . TO LANG . MEAN ) (TEST DATA)

FEATURES USF.01 6 9 to 11 19 24
LANGUAGE

LNG SPKP LI L2 L3 14 L5 DEC . 4 CORR , TOT.
I 1 3.138 4.929 4.962 5,716 5.47 3 1
I 2 2.643 2,795 2,352 2,211 3.200 4

— 1 3 1,696 2,459 2,488 1 ,576 2,404 4
1 4 2.327 2,491 2,308 1,733 2,570 4
I 5 2.~ 64 3,991 3,808 4,724 4,469 1
1 6 2.528 3.132 3.204 1 ,357 2, 089 4
1 7 3,193 3.513 3.476 1,492 2,499 4
1 8 2,944 2.716 2.619 1,057 2 .181 4
1 9 2, 710 2,779 2 ,356 1,691 2,507 4
I 19 2, W 7 3  2,685 2.743 2,239 3,135 1

3
2 1 1.666 1.704 1,604 3,099 2.619 3
2 2 3.398 2,439 2,708 1 ,933 1,997 5
2 3 2.446 3,070 3,232 2,795 2,341
2 4 5.105 4.559 4.583 3,139 2,726 5
2 5 3,543 2.674 2.690 1 ,649 1,436 5
2 6 3,133 1.882 2,060 1,395 2,035 4

0
3 1 3,469 1,554 1.151 3,466 3.292 3
3 2 3,471 1,315 1,289 3,156 3,049 3
3 3 3,499 1,482 1,230 3,572 3,292 3
3 4 2,191 1,420 0,997 3,274 3,150 3
3 5 3.Q06 1.634 1.108 3,474 3,054 3
3 6 4.139 2,379 1,993 4,401 3.992 3
3 7 2.u98 1,754 1,603 3,784 3,198 3
3 8 3.765 1,364 1,963 2,8~ I 2,649 2
3 9 3.195 2.195 2,592 1,301 2,583 4
3 10 2.943 1.781 1,624 1,494 1,780 4

7
4 1 1.498 1,642 1,411 2,852 2,975 1
4 2 4.~-65 3.397 3,633 1 ,795 1,830 4
4 3 3,539 2,629 3.183 1.462 1,219 5
4 4 3,396 2.216 2,772 1.922 2,140 4

- 4 5 2,547 2 ,27 1 2,711 1,668 2.939 4 
- -

4 6 1,99~ 2.133 2,34 8 1,426 2,245 4
4 7 3,186 2,362 2,889 1 ,388 2.740 4
4 8 3.105 2.473 2.259 1 ,293 1,643 4
4 9 4.072 3,238 3,437 1,578 1.383 5
4 10 3.427 2,972 3.135 1,271 2,155 4
4 11 3.273 2.692 3.108 0,424 1,967 4
4 12 1.672 3.011 2,984 2,224 2,170 1
4 13 2.628 1,984 2.385 1,340 2.487 4
4 14 5.055 5,393 5,46 4 3,478 3.368 5

a
5 1 3.758 1.645 1,603 3,doe 3,155 3
5 2 6,368 5,897 5,016 4,824 4,033 5
5 3 3.~ 83 1 .794 2,004 1,452 1,089 5
5 4 4.766 3.202 2,578 3,526 3,230 3
5 5 3.413 1.736 1.553 2,145 1,823 3
5 6 3,771 2,105 1, 832 2.447 2,676 3
5 7 2,539 1.254 1.326 2,421 2,109 2
5 8 3,946 1.674 1.850 3,140 3,175 2
5 9 3,7 15 2 ,736 1,629 3,134 3,176 3
5 to 4.119 1.761 2~940 3,245 3.190 2

2 21
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DECISION FUNCTION VA LUES (01ST . 10 LA NG , MEAN ) (TRA IN ING D A T A )

FEATURES USED I 2 7 9 10 00 27 34
LANG U A GE

LNG $PKR Li L2 L3 14 15 DEC. 4 COR P . TOT ,
1 1 1.402 2,326 2,897 2,497 3,237 1
1 2 1,702 3,585 2.422 2,108 1.753 1
1 3 1.529 2.965 2,762 0 ,610 2,972 1
1 4 1.902 2,731 2.211 1 ,077 2,454 4
1 5 0,840 3,165 2,456 2,879 2,776 1
1 6 1.785 4.181 2,883 3,393 3.687 1
1 7 1.278 3,~t 58 3,021 2,428 3,139 *1 8 1,241 2,592 3 .174 2,891 3.328 1
1 9 3.016 4,630 4.145 4,359 3.465 1
1 10 2,166 3,796 4 ,227 3,862 4,630 I

2 1 3,178 1.116 3.125 3.277 3,980 2
2 2 4,046 1,753 4,001 3,228 3.749 2
2 3 3.535 2,490 3,824 3,627 2,686 2
2 4 3,807 2,531 4,882 4,701 4,729 2
2 5 1,9 17 1,828 1,841 2.635 1.923 2
2 6 4,428 1.688 4,139 4,346 4,157 2
2 7 3.192 0,844 3,025 3,159 3.177 2
2 8 3,115 1,661 2,719 3,786 2,795 2
2 9 3,260 2,360 2,203 2,413 3 ,274 3
2 10 2,779 0 ,752 3,099 2,913 3,303 2

9
3 1 3.736 3,965 1.527 3,875 3.492 3
3 2 2,728 3,725 1,830 3,277 2 ,183 3
3 3 2,399 3,498 1.177 2,449 2,896 3
3 4 3.217 2,613 1,098 3,194 2,809 3
3 5 3,058 4 .119 2 ,252 4 ,255 3.7 59 3
3 6 1.998 2 ,373 1.569 1,984 2,251 3
3 7 2,972 2,668 1.13~ 

3,191 2,774 3
3 8 3,299 3 .104 1.531 3.599 3 ,18 1 3
3 9 5,156 5,307 3,800 4,188 3,829 3
3 10 2, 621 2,572 2 ,539 2,690 2,910 3

• 10
4 1 1, 738 3.653 3.011 1,484 2 ,538 4
4 2 1,839 2.728 2,634 1 ,748 2.798 4
4 3 2,320 3.108 2,220 1 ,677 3,177 4
4 4 1,915 3,04 1 2,640 1 ,925 1,884 4
4 5 2,525 2.993 3.151 0,987 2,300 4
4 6 2,693 3,447 2,928 0,695 2,35 1 4
4 7 4,642 5 ,117 5,986 2,786 4 ,803 4
4 6 3,744 2,874 2.916 1,955 2,691 4
4 9 2.392 3 ,136 2,786 1 ,484 1,587 4
4 10 2.332 2.844 2.800 9,707 2,458 4

19
5 1 2,378 3,380 2 ,236 2 ,531 2 ,130 5
5 2 2.~ 25 2 ,288 2 ,238 1,497 1,262 5
5 3 2,869 4 ,028 3 ,200 2 ,264 1,702 5
5 4 6,238 03 ,774 6,962 5,960 4,506 5
5 5 3,839 3,109 3 ,79 0 2,91 9 2,003 5
5 6 2 .287 2 .891 2 .582 2,314 1,188 5
5 7 2,647 2 .7 19 3 .373 2,375 2,226 5
5 8 2.609 3,904 3,154 2.671 1,498 5
5 9 4 .315 3 .790 3 ,320 4,359 2,153 5
5 10 5.689 4 .559 3,918 5,768 5 ,217 3

~
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DECISION FUNCTION VA LU ES (01ST . 10 LA N G . MEAN) (TEST DATA)

FEATURES USED I 2 7 9 10 20 27 34
I A NGO IA GE

LNG SP)( R LI L2 13 14 15 DEC. 4 CO RR , TOT ,

* * 1 0,918 3,476 2.987 2,39S 3,215 1
0 2 2,172 3.284 2.465 2,186 3.258 1
1 3 1,637 3,180 (2,eis 1,984 2,484 1

- s 1 4 2,295 3.183 2,859 1 ,294 2,911 1
1 5 1,796 3 ,107 3,481 2,956 2,890 I
1 6 1,239 3 ,472 2 ,661 2,140 2 .894 1
1 7 2,218 3,767 3.162 1,174 3,084 4
1 8 1,685 3,471 2,977 1,795 2 ,999 1
1 9 1,373 3,280 1,998 2,263 2,951 1
1 10 1,158 3,976 2,669 1 ,746 3,979 I

8
2 1 1.740 2,594 1.273 2.238 1,564 3
2 2 3.568 2,810 3.094 1.839 3.908 4
2 3 1.788 2.529 2.807 1 ,441 3,’~34 4
2 4 4.u87 5,907 4 .125 3.326 2,925 5
2 5 1.671 2,298 1.299 1 ,824 2,051 3
2 6 2,o70 1 ,912 2,327 2,4o9 3.931 2

I
3 1 3.398 2,738 1.299 3,1s6 2,665 3
3 2 3,489 2,63 2 j ,899 2,727 2 ,90 2 3
3 3 3.555 2 ,771 1,646 3,913 2 ,544 3
3 4 2,148 2,142 1.210 2,2~ 0 2,589 3
3 5 3~ 649 3.971 2.127 4,189 2,803 3
3 6 4,63 1 4 .05 4 2,637 4 ,507 2 ,989 3
3 7 3.958 4,335 2.76 1 4,115 2,961 3
3 8 4,034 3.499 2,511 2,729 2,708 3
3 9 2,089 2,830 2 ,137 9,94~ 2,356 4
3 10 2,364 3,278 o,973 2 ,159 2.237 3

9
1 1 2,548 1 ,707 3,369 3,456 3,667 2
4 2 2,695 3,339 2,578 1 ,929 2,256 4
4 3 5,576 ~,144 5.71~ 4,891 4,926 4
4 4 2.223 2,638 2, 499 2,325 2,930
4 5 1,508 3,173 2.765 2,457 3,461 1
4 6 1,697 2,465 2,684 1,293 2,631 4
4 7 2,253 2,322 3,004 1,335 3.045 4
4 8 5,293 4.792 5,221 4,138 4,676 4
4 9 3,348 3,559 3,064 1 ,532 3,448 4
4 19 3.208 4,059 3,254 1 ,695 3.391 4
4 Ii 2,279 2,855 3,006 1 ,924 2,937 4
4 12 1.712 2,939 3,078 1,887 2.491 1
4 13 3,570 3,330 3,776 1 ,858 3,739
4 14 3,46 1 4,268 4 ,4 12 3,28 2 2,994 5

9
~ 1 3.497 2,585 1.773 3,437 2,544 3
~ 2 2, 592 3.377 1.882 2,894 1.415 5
5 3 2,448 2.7 12 1, 519 2,233 1,993 5
5 4 4 ,213 4.116 1.918 4,310 3,148 3
5 5 2.940 2,708 1,129 2,635 1,594 3
5 6 3,430 2,881 1,833 2,198 2,968 3
5 7 3,788 3,877 3,027 3,714 1,901 5
5 8 3,501 2,699 1.63~ 3,499 3.~~13 3
~ 9 ~.5P7 3.493 i , 797 3,223 2,946 3
5 *0 3.626 2.741 2.143 3.916 3,145 3

3 30
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DECISION FUNCTION VALUES (01ST. TO LA NG. MEAN) (TRAINING DATA)

FEATURES USEDI 6 7 010 *1 28 21 24 27 28 33 34
LANGUAGE

LNG $PKR LI L2 1.5 14 1.5 OEC. 4 CORR . TOT .• 1 1 1.916 3,419 3,610 5,274 4,981 1
1 2 2,035 4,188 3.452 4,543 5,674 1
1 5 2.018 3,150 5.117 3,183 5.729 1
1 4 2,815 3.333 5 ,357 5,074 3,411 1
1 5 1.403 3,256 2,556 3,929 3,512 1
1 6 3,085 5 .611 4 ,646 6,648 6,145 1
1 7 1,615 5 .333 3,551 4 ,122 4 ,120 1
1 8 2, 724 4 .145 4 .335 5.777 5.551 1
1 9 2.732 4 ,546 4 ,210 5 ,500 4 ,248 *1 10 2, 852 3.979 4 .555 4 ,645 5 ,132 1

10
2 1 5,647 1, 796 3 .203 4 ,4 19 4 ,993 2
2 2 4.562 2 ,911 4 .243 3 ,689 4 ,099 2
2 5 4 ,178 2 ,787 4 .158 4 ,165 3,01 1 2
2 4 5,904 2 .839 4 .991 5 ,669 5,478 2
2 5 2,488 2 ,266 2,385 4 ,208 5 ,449 2
2 6 4, 449 2 .235 4 ,482 5 ,564 4 ,995 2
2 7 3,913 1,656 3,612 3,944 3,843 2
2 0 3,714 2,965 3,569 5 ,391 4 ,578 2
2 9 5.334 4 ,028 4 .317 3,433 4 .277 4
2 19 3.545 1,210 3 ,094 3 ,678 3,978 2

9
5 1 5.317 5,287 3.so l 5 ,546 5 ,604 3
3 2 2.973 3,834 2,191 4 ,125 2 ,814 3
5 5 3.906 4 ,030 2,097 3,184 4 ,198 3
5 4 5,892 3 ,656 2 ,364 5 ,191 4 ,640 3
5 5 5.185 4 .274 2.516 5 ,313 4 ,564 3
3 6 3.010 2.643 2,155 2 .564 2 ,921 3
5 7 3,519 2,855 1.5 12 4 .993 3 .789 3
5 8 3,781 3,411 2 ,007 4 ,495 3,671 3
5 9 5.261 5 ,368 3,997 4 ,840 4 ,080 3
3 10 5,443 2 ,851 2 ,847 3 ,490 3,636 3

10
4 1 4 .3 53 4 ,684 4 ,428 2 ,029 3 .252 4
4 2 4. 622 4 ,240 3 ,858 3 ,064 4 ,585 4
4 5 4 .091 3,806 2 ,991 2 ,165 3,965 4
4 4 5. 547 5 ,135 4 ,863 2 ,433 3,655 4
4 5 3.350 3.199 3.262 1 ,977 3.110 4
4 6 4 ,646 4 ,384 3 ,994 1,191 2 ,757 4
4 7 6.147 5 ,868 5 ,855 2 ,946 5 ,238 4
4 6 4 ,928 3,633 3.959 2,614 3,092 4
4 9 4, 645 4 ,256 4 ,07 1 1,652 2 ,247 4
4 10 4,135 3 ,789 4.110 2,029 2,869 4

10
6 1 2,966 3,532 2 ,653 3 ,245 2.397 5
5 2 3.085 2,605 2,720 1 ,918 1,968 4
5 5 3.382 4 ,080 3.305 3 ,078 2 ,369 5
5 4 9.188 0.155 8.677 7,660 6.249 5
5 5 5,686 4 ,710 5 ,377 3 ,928 2,599 5
5 6 5,007 4 ,653 4 .690 3 ,371 2 .683 5
5 7 3. 444 2,944 3.742 3 ,190 2 ,52 1 5
5 8 4,098 4,631 3.930 3.584 2 ,103 5
5 9 5.131 4 .349 4 .o 2e 4 ,968 2 ,696 5
5 10 6.481 4,909 4 ,446 6,295 5,82 8 3

8 47
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DECISION FUNCTION VALUES COI$T. TO LANG . MEAN) (TEST DATA)
— 

FEATURES USED I 6 7 9 10 II 28 21 24 27 28 33 34
LANGU AG E

LNG SPKR 11 12 13 14 15 DEC. 4 CORP. TOY.• 1 1 3,208 5,512 5.221 6,596 6,138 1
1 2 3,509 3,680 3,147 3 ,295 3,924 3
1 3 2, 475 3,451 3 ,211 3 ,176 2.916 1
1 4 3,218 3 ,573 3 .325 2 ,860 3,485 4
1 5 2.745 4,411 4,615 5,907 5,004 1
1 6 2 ,422 3,717 3,172 2 ,954 3 ,166 1
1 7 4,949 250 5,155 2,906 3,760 4
1 8 3 ,765 4 ,244 3 .536 2 ,537 3,228 4
I 9 3.039 3,752 2 .927 2,665 2 ,999 4
1 18 2.450 3,351 3.399 3,809 3,604 1

5
2 1 2.222 3,062 1,614 3,966 2,968 3
2 2 7,464 6,372 6,299 4,627 5,876 4
2 3 2,76 1 3 .192 3,747 3 ,240 3.600 1
2 4 7,068 6,816 6,216 4,666 4,049 5
2 5 4,004 3,754 2.980 2 ,775 2 ,299 5
2 6 5,677 2,668 2.901 2 ,476 5 ,228 

- 
4

S
3 1 3,847 2 .916 1.357 3 ,933 3,534 3
3 2 3.902 2.765 1.916 3,550 3,497 3
3 3 4 ,566 3 .547 2.235 4 ,109 4 ,071 3
3 4 2,991 2,838 1,672 3 .754 3 .933 3
3 5 4,718 4,667 2,798 5 ,239 4 ,312 3
3 6 5 ,330 4 ,547 3 .986 5 ,498 4 ,469 3
5 7 4,169 4,708 3,222 5,567 4,220 3
3 8 4.680 3,658 5,020 3,586 3.277 3
3 9 3,612 3 ,354 2, 992 1,890 3 ,097 4
3 10 4. 161 4 ,062 2,228 2 ,687 5 ,219 3

9
4 1 2, 669 1,946 3,4 12 4 ,49 1 4 ,4 18 2
4 2 5 ,419 5 ,020 4 ,568 2 ,197 3 ,138 4
4 3 8,958 7 .857 7,497 5,845 6 ,340 4
4 4 4, 961 3,440 5,4 76 2,570 3.165 4
4 5 3.207 3.610 5,110 3.010 4,224 4
4 6 5,608 3,338 3 ,254 2 ,326 3,612 4
4 7 3,869 5 .143 3,965 2 ,234 5 ,451 4
4 8 6,269 5 .314 5 ,774 4 ,230 4 ,748 4
4 9 7,107 6,512 6,381 4,032 5,255 4
4 10 6,646 6 ,541 5,690 3,926 5,535 4
4 11 4,062 3.661 3,894 2,114 2,890 4
4 12 3.715 3.929 3.716 5.870 3.792 4
4 13 4 ,409 3,732 4 .299 2 ,734 4 ,012 4
4 14 5,872 5 ,84 1 6 ,180 4 .595 3.66 1 5

12
5 1 4, 040 2,923 2 ,311 4 .455
5 2 5,639 5,665 4 ,880 4 ,429 5.151 5
5 3 4 ,275 3.733 2,657 2,663 1, 999 5
5 4 5 ,760 5 ,094 3.341 4 ,765 3,925 3
5 5 4,426 3,581 2,291 2,964 2.221 5
5 6 4,460 3,436 2,726 3.095 2,719 5
5 7 4,298 4,134 ~.341 4,555 2,782 5
5 6 5.693 4 ,47 5 5 ,573 4 ,516 4 ,994 3
5 9 5.626 5,090 3 .749 4 ,227 4 ,809 3
5 10 4 .596 3 ,030 2,475 3,314 3.593 5

5 31
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- DECISION FUNCTION VALUES (01ST . TO LAN G. MEAN) (TRAINING DATA)

FEATURES USEDI 6 7 8 9 t’l 13 19 20 22 24 27 28 33 34
L A NG Ii A GE

LNG SPKR LI 12 15 14 1.5 DEC. 4 CORR , TOY ,
1 1 2,364 1,174 3.8 17 4 .977 5,063 I
1 2 2,595 4 ,40 3 3,776 4,052 3 ,196 *1 3 2.530 3 ,575 3,826 3,206 4 ,119 1
1 4 2.622 3,339 2.944 2,761 3,588 1
* 5 1,210 3,579 3,194 4,062 3,778 1
1 6 2,723 5,142 4,993 6,953 5.72 4 1
1 7 2,013 3,374 3,578 4,532 4,772 I
1 8 2,670 3.794 4 .189 5,47 1 5,478 1
1 9 4, vJ42 5,865 5,643 6 ,295 5 ,2*2 1
1 10 2,934 4.027 4,891 4,886 5,538 1

2 1 4,067 2,296 4.119 4,711 4,696 2
2 2 4.388 1,907 4,358 4,162 4.647 2
2 3 3.945 2,67 1 4 .298 4 ,372 3.43 1 2
2 4 4 ,082 3,256 5,4 14 5,805 5,749 2
2 5 2,733 2,591 2.742 4.934 4,438 2
2 6 4,593 1,982 4,456 5,564 5,256 2
2 7 4,068 1.980 4.I5~ 

4,404 4,576 2
2 8 4,337 3 .751 4,201 5,278 4 ,300 2
2 9 4,137 2,758 2.977 3,307 4.359 2
2 19 3.527 1,399 3,217 3,843 4,430 2

10
3 1 5.539 5.450 3.278 5,628 5,920 3
3 2 2,997 3,902 2,2 52 4 ,003 2,847 3
3 5 4.671 4 .872 2,663 4 ,018 5 ,122 3
3 4 4,949 3.910 2,668 5,140 4.731 3
3 5 3.499 4,378 2,769 3,620 5.11 4 3
3 6 3,025 2 ,678 2,559 2,805 3 ,346 3
3 7 3,662 3 .995 1,845 4 ,745 4,633 3
3 6 4,089 3,781 2,135 4,752 4,320 3
3 9 6.616 6,997 5,509 5,792 5,319 3
3 10 3,449 2.832 3.223 3.937 4,3)5 2

9
4 1 4.993 5,534 5,102 2,77P 4 ,128 4
4 2 4.595 4.362 3,789 3,419 5,057 4
4 3 4,222 4.133 3,443 2,11* 4,254 4
4 4 4,991 4,936 4.571 2,129 3,438 4
4 3,487 3.441 3,809 1,756 3,298 4
4 6 4 ,914 4 ,827 4,442 1 ,667 3.427 4

4 7 6,644 6,840 6,549 3,666 5,6$8 4
4 8 4 .431 3 ,579 3.853 3,069 3 .381 1
4 9 4,683 4 ,6139 4 ,304 2,079 2,310 4
4 10 3,682 4 ,055 4 .169 2,528 2.928 1

19
5 1 3.399 3,918 3,406 3,207 2.550 5
5 2 5,021 2 .810 3,~ 43 1,969 2,975 4

5 3 4,042 4 ,679 4 .253 3,188 2,674 5
5 4 9.345 9 .554 9.025 7 ,862 6,306 5
5 5 5.949 5.283 5,977 4,255 2,830 5
5 6 4,939 5 ,077 4 .452 3,232 2,59 5 5
5 7 4.425 4,589 5.183 4,151 3,159 5
5 8 4.744 5,376 4 ,8 10 3.791 2 ,243 5
5 9 5.277 5 ,936 4,679 5,8*6 3,7 18 5
5 10 6.555 5 .944 4.583 6,829 6.518 3

8 17
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DECISION FUNCT ION VALUES (01ST . TO LANG , MEAN) (TEST DATA )

FEATURES USEOI 6 7 8 9 19 13 19 20 22 24 27 28 33 34
LANGUAGE

LNG SPK R LI 1.2 1.5 14 1.5 DEC. 4 CORR , TOT,
* 1 1,916 4,507 4,220 5,195 4.896 1
* 2 3,089 3,591 3,297 3,694 4,497 1
1 5 2.560 3.451 3.502 3,563 3,527 1
1 4 2.960 3,468 3,300 3,134 3,866 1
1 5 2.779 4.327 4,644 5,776 5,090 *

-
‘ 1 6 3,503 5 ,154 4,976 4,474 4,367 1

1 7 3,64* 4,465 4.117 2,767 3,679 4
1 8 2.624 3,928 3,254 2,948 3,611 1
1 9 2.768 3.721 2,811 3.355 3.649 1
I 19 2,233 3,323 3,554 3,605 4,405 1

9
2 1 2,512 3.130 2.076 4,215 3.498 3
2 2 6,919 6,051 5,848 4,477 5.567 4
2 3 3.488 4,506 4,743 4,471 4,402 1
2 4 7,039 6,917 6,246 4,784 4.173 5
2 5 3,740 3,689 3,261 3,119 2,705 5
2 6 3,460 2,591 3,214 3,964 3,674 2

1
3 1 4,128 3,058 1,878 4,270 4.235 3
3 2 4,048 2.957 2.170 4,166 4,354 3
3 3 4,663 3,858 2.560 4,761 4,942 3
3 4 5,558 3.136 1,946 4.188 4,674 3
3 5 5,411 5.935 4,445 6,739 6,097 3
3 6 5,411 4,732 3.129 5,882 5,126 3
3 7 4 ,322 4.851 3~355 5,843 4,724 3
3 6 4,627 3,996 2,939 3,970 3,945 3
3 9 3.464 3.545 3.005 2,453 3,704 4
3 19 4.734 4,784 2,616 3,370 4,035 3

9
4 1 2.945 1,768 3.714 4,417 4.632 2
4 2 5,270 - 5.109 4.394 2,270 3,286 4
4 3 7.188 6,497 6,860 5,724 6.900 4
4 4 3, 524 3,152 3,407 3,028 3,715 4
4 5 3.611 3.917 4,081 3.536 4,876 4
4 6 5,608 3.675 3,819 2,475 3,976 4
4 7 3,569 3,024 4.106 3,093 4,209 4
4 - 8 6,038 5.217 5,776 4.481 5,015 4
4 9 5,485 5,209 4,782 2.206 3,842 4
4 10 (1,633 6 ,464 5 ,658 4 ,230 5 .854 4
4 11 3.739 3,574 4,019 2,612 3,273 4
4 12 4.037 4 ,595 4 ,600 3 ,70 8 4 .127 4
4 13 4.277 3,767 4,318 3,645 4.831 4
4 14 8,326 0,621 8.339 6,623 5,998 5

12
5 I 3,814 3,356 2,809 5,292 4,558 3
5 2 7.644 8,340 7,692 7,290 5,662 5
5 3 4 ,252 .3.895 2 627 3,548 3,040 3
5 4 5.64 2 5,085 3,350 4,970 4 ,154 3
5 5 4, 44 1 3 .783 2.466 3,649 3,331 3
5 6 4.502 3.574 2.823 3,856 3,747 3
5 7 4.227 4 ,201 3 ,282 4,691 3 ,148 5
5 8 5,685 4,505 3,688 5,082 5.583 5
5 9 5,6 05 9.081 3,865 4,528 5.096 3
5 10 4 ,581 3 .196 2.576 4 ,218 4,627 3

2 33
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DECISION FUNCTION VALUES (01ST. TO LANG , MEAN) (TRA INING DATA)

FEATURES USEOI 6 7 8 9 19 11 13 *7 20 21 22 24 27 26 33 34
LANG UAGE

LNG SPKR 1.1 L2 1.5 14 1.5 DEC. 0 CORP, TOT,
• 1 1 2,298 3 ,450 4 .005 5 ,600 5 ,308 1

1 2 2, 45 1 4 ,710 4 .155 5 ,133 4 ,295 1
1 3 2,538 3 ,597 3,828 3,621 4 ,101 1
1 4 3,094 3 ,746 3,561 3,365 3,656 1
1 5 1,562 3,43 1 3.117 4.595 4 ,212 1
* 6 3,367 5.930 5,034 7 .494 6,866 i
1 7 2,292 3,428 3.604 4,838 4,796 *1 8 2 .844 4 ,287 4 ,545 6,354 6,065 *1 9 3, 699 5,638 5,342 8,560 5 ,575 *1 10 3,192 4,950 4.926 5,093 5.531 *

10
2 1 4,220 2,366 4,148 4,996 4,730 2
2 2 4.703 2,059 4,456 4,220 4,517 2
2 3 4.555 3,040 4.502 4,4 16 3,29 1 2
2 4 4.109 3,497 5,552 6,410 6,153 2

— 2 5 3,132 2,758 2,867 5,260 4 ,597 2
2 6 4 ,601 2 .367 4~ 674 6 ,140 5 ,578 2
2 7 4,320 2,005 4.226 4,486 4,410 2
2 0 3.939 3.66 5 4 .129 6 ,094 5 ,292 2
2 9 5,587 4 ,115 4 ,602 3,907 4 ,666 4
2 10 3,736 1,536 3,239 4,126 4,415 2

9
3 1 5.534 5,567 3.416 6,122 6,135 3
3 2 3.111 3 ,943 2 367 4 ,316 3 ,024 3
3 3 4.959 4.956 2,786 4,249 5.089 3
3 4 4,071 4,159 - 2.946 5,863 5 ,285 3
3 5 3.589 4 ,451 2,783 5,877 5 ,125 3
3 6 3,256 2,683 2,628 3,161 3,442 3
3 7 5,999 3,242 1,967 4,974 4,645 3
3 8 4.414 3,946 2,241 4,882 4,157 3
3 9 6,760 7 ,096 5 ,369 5.994 5.433 3
3 10 3,678 3.097 3,358 4,187 4,302 2

9
4 1 5.895 6.091 5,712 2,889 4,076 4
4 2 4 . 947 4 ,507 3,930 3 ,786 5 .129 4
4 3 4,657 4,276 3,654 2,555 4,332 4
4 4 5.947 5,476 5 ,306 2,508 3,737 4
4 5 3,816 3.618 3,869 2,182 3,195 4
4 6 5,753 5 ,388 4,997 1,805 3,169 4
4 7 7,022 6,893 6,678 3,535 5,665 4
4 $ 5,129 3.985 4 ,233 3,095 3 ,332 4
4 9 5,354 4 ,896 4 ,6 10 1 ,995 2 ,449 4
4 10 4. 460 4 ,512 4 ,494 2 ,450 3 ,052 4

19
5 1 5,523 3 ,805 3 .316 3 ,460 2 ,732 5
5 2 3,439 3,1190 3.243 2,192 2,981 5
5 3 4.316 4,831 4.221 3,257 2,896 5
5 4 10,902 19,863 10.336 8,861 7,552 5
5 5 6,414 5,455 6 ,170 4 ,174 2 ,941 5
5 6 6.983 5,840 5,479 3,814 3,308 5
5 7 3.801 3,554 4,399 3,699 3,187 5
5 8 4.929 5,344 4.729 3,719 2.269 5
5 9 5,460 5.016 4,551 5,965 4 ,931 5
5 10 6.849 5,187 4.726 6,979 6,539 3

9 47
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DECiSI ON FUNCTION VALUES (01ST . TO LANG , MEAN) (TEST DATA)

FEATURES USED: 6 7 8 9 10 11 13 *7 20 21 22 24 27 28 33 34
- LANGUAGE

LNG SPKR Li L2 1,3 14 15 DEC. 0 CORP . TOT ,
1 1 3.493 5 .94 2 5.7 14 7,270 6,762 1

• 1 2 3.652 3,750 3,473 3,879 4,439 3
1 3 2.772 3,537 3,337 3,788 3.46 1 1
1 4 3,642 3,774 3,499 3,302 3,718 4
* 5 2.614 4 .55 1 4 ,809 6 ,385 5,469 1
* 6 3 .434 4 .907 4 ,728 4,563 4,559 1
* 7 5.263 5 .423 5 ,351 3,295 3,955 4
I 8 3.872 4 ,298 3,853 2,996 3~ 5!6 4
* 9 3,510 3 ,924 3,132 3,317 3,402 3
* 10 3,022 3 ,480 3,780 3,596 4.092 1

5
2 I 2,941 3,529 2,415 4,613 3.587 3
2 2 7,486 8,40 8 6,42 1 4 ,89 2 6 ,041 4
2 3 3.382 4 ,242 4,644 4 ,544 4,643 1
2 4 8,381 6 ,056 7 ,567 5,624 4,986 5
2 5 4,185 3,870 3.363 3.351 2,783 5
2 6 4,054 2,864 3 ,447 3,029 3,602 2

I
3 1 4,253 3 .128 1,834 4,478 4,096 3
3 2 4,284 3,042 2,242 4,413 4.529 3
3 3 5,1,17 .3.923 2 ,582 5,00 1 4 ,926 3
3 4 3.589 3.522 2.938 4,569 4,621 3
3 5 5,614 8,007 4.519 7,023 6.211 3
3 6 5,1,40 4 ,830 3.235 6 ,124 5 ,218 3
3 7 4 , 4f4  4 ,933 3 ,379 6 ,116 4 ,811 3
3 8 5.108 4 ,194 3.197 4.925 3,713 3
3 9 4,~~4o 3,534 3.238 2,57 3 3.580 4
3 i1~ 5.103 4 ,930 2,769 3,6 19 4,190 3

9
• 4 1 2,938 - 2 ,017 3,841 5,014 4.91 4 2

4 2 6.~i24 5.560 4,883 2,417 3,270 4
4 3 8.291 7.322 7,764 6,14 0 6,494 4
4 4 4,~ 23 3.495 3,896 3,229 3,630
4 5 3.93 7 3 ,992 4,141 3,769 4,812 4
4 6 3.742 3,630 3.810 2,996 4.231 1

• 4 
• 7 4,284 3.326 4,464 2,984 3,987 4

4 8 6,666 5 ,875 6 ,343 4 ,66 5 5 ,018 4
4 9 7,523 6,846 6,779 4,199 5,291 4
4 10 7,213 ti,837 5,999 4,285 5,702 4
4 11 4.436 3,818 4.321 2,684 3.31 3 4
4 12 3.916 4,565 4,337 3,839 4,273 4
4 13 4,738 3,964 4,479 3.536 4,492 4
4 14 8.292 8.244 8,010 6,094 - 5.751 5

12
5 1 4 ,292 3,569 3.925 5,532 4,676 3
~ 2 6 ,312 6,529 5,731 5,644 4,579 5
5 3 4,1,87 4,069 2,996 3,641 2,996 5
5 4 6.000 5 .226 3,468 5,283 4,510 3
5 5 4,856 3.977 2.668 3,944 3 ,244 3
5 6 5,081 3,998 3,176 3,979 3, 556 3
5 7 4,623 4,348 3.399 4,836 3,138 5
5 8 5.968 4,629 3,813 5,192 5 ,588 3
5 9 5,646 5,125 3,932 4,653 5,113 3
5 10 4,955 3,354 2,744 4,110 4,249 3

3 3S
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MISSION
of

Rome Air Development Center

RA~~ plans and conducts research, exploratory and advanced
develop aent pr ogra ms in command, control, and communications
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