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This total—voice system must recognize connected digits independent of speaker
with high reliability. Two sequence con~~rainte aid recngnition: two parity
checks must be satisfied, and ~ifficult’ digit pairs are disallowed. A
further sequence constraint added to aid verification was that all digits must
be different. The selected constraints yield 320 possible sequences.

The speech processing strategy features highly reliable time registration
and accoemodates multiple concurrent hypotheses at various processing levels.
Basic to robust speaker—independent recognition is the existence of a set of
reference patterns capable of allowing for the speaker’s sex and dialect.
Rather than arbitrary segmentation of the design data to produce reference
patterns, a hierarchical clustering algorithm was used, followed by an
iterative optimization procedure44ood correspondence was found between
the resulting clustered patterns and~~xpected acoustic—phonetic distinctions
such as sex, context, and dialect.

Tests were run on the speaker—indep~çndent connected digit sequence
recognition system. One test used a data base of 1060 six—digit sequences
from 106 speakers (64 males, 42 femeles).~ Samples of 100 of the 320 sequences
appeared. No sequence was found (rejectic~n) for 1.0 percent of the sequences;
an Incorrect sequence was found (substitut~on) , for 0.5 percent of the se-
quences. A second test was run on all 320~sequences said by 10 subjects, p lus
195 of the 320 sequences said by an eleven$h subject, yielding a 6.0—percent
rejection rate and a 3.4—percent substitut on rate.I
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- EVALUATIO;4

The objective of this effort was to develop a speaker
independent digit sequence recognition front—end to a
speaker verification system. The Total Voice concept
eliminates the need for badge readers, keyboards, etc. for
inputting the users ’ claimed identity . The system allows an
individual to speak only his code number , such as his Social
Security ~l urnber, work badge number, etc. The technique
automatically recognizes the digit code independent of speaker,
and then uses the same acoustic data to verify the Individual.

This eff.ort demonstrated that the Total Voice concept
Is a successful means of Increasing user throughput Into a
secure area.

The concept was Implemented on the ESD/RAI)C Advanced
Development 1.lodel Speaker Verification System and Is
demonstratable at RADC’s thtry Control Laboratory .

More work Is needed in the area of Improving the
speaker—Inaependent connected diGit recognition algorithms
and Integrating them Into an operational Total Voice System .

As a result of this successful Implementation of the
Total Voice concept , future plans call for continuing technolo&y
development for an operational environment.

RI ChARD S. VO 1U ~ A
Project EnGIneer

vi



SECTION I
I NTRODUCTI ON

A. BACKGROUND

This final report covers the fifth in a series of programs undertaken by Texas instruments
to further develop speaker verification (voice authentication ’. 2)  technology. In the first
program,3 a promising high-performance speaker verification technology was developed and
comprehensively tested in a laboratory environment , with accurate and reliable methods of time
registration providing a major performance impact.

In the second program,4 operationally important problems were solved to provide an
operational capability for applications such as automatic entry control . Concurrent with this
second program were~

The development of an Advanced Development Model voice verification system for
the Base and Installation Security Systems (BISS) program under Electronic
Systems Division sponsorship5

The installation of an operational , fullj automated entry control system, internally
funded, to provide entry control to the Texas Instruments Corporate
Information Center.6

In the third program,7 advanced speech processing capabilities were developed to enhance
speaker verification effectiveness and extension of speaker verification technology was made to
other applications. Effort was focused on two specific applications: speaker verification using
passwords embedded in free text and speaker identification (and subsequent verification) using
spoken identification codes (called “Total Voice” verification). Both of these required major
emphasis on the development of word recognition technology and the integration of recognition
and verification techniques.

The fourth program8 was a study conducted to develop speaker verification techniques for
use over degraded communication channels—specifically telephone lines. A test of BISS type
speaker verification technology was performed on a degraded channel and compensation tech-
niques were then developed.

This fifth program was the coalescence of the Total Voice verification technology and the
hardware of the Advanced Development Model BISS speaker verification system, shown in Figure
I , culminating in the installation on the BISS-SV system, of the Total Voice computer program,
called TVBISS.

The remainder of this section discusses the concept of Total Voice in more detail. Section
II reviews the speech processing used at Texas Instruments , and specifically on this program.
Section III briefly describes the data sets collected, and Section IV discusses the clustering - 

-methods developed under this contract for use in creating a set of speaker-independent reference
pattern s used in digit sequence recognition. Section IV also includes a very detailed discussion of
the resulting reference patterns.
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A wide flexibility exists in the selection of various parameters and thresholds in the Total
• Voice computer program. The tradeoff testing done during these selections as well as the final

results of digit sequence recognition tests are described in Section V. Section VI includes both a
description of the speaker verification part of the program and the results of a limited speaker
verification test run using the final program. Conclusions and recommendations are given in
Section VII. The Appendix of this report is a paper presented at the Fourth International Joint
Conference on Pattern Recognition covering the work on this contract. It is suggested that the
reader desiring only a summary discussion of the contents of this report would be advised to
read this Appendix instead of the full report.

B. TOTAL VOICE

Two key functions are provided by the user in an entry control system. These functions
are: user identiticatior. anc user verification. The verification function is required to be pet-
formed on a personal attribut e: in this case, on the user ’s voice cha racteristics. Ex isting
techniques for user identification are manual and are based upon badge or keyboard identifi-
cation entry . It is desired to eliminate the manual identification mode and consolidate
identification and verification. This is done by using a spoken identification code. Two benefits
accrue from a Total Voice speaker verification capability : firs t , verification time is reduced
considerably. This is possible because the input speech data used for identification may also be
used for verification , thus co,i ~‘tely eli minating the speech input time required for verification .
Second , eliminating all but speech input provides operational advantages. Hands need not be
freed to operate manual identification devices, and the verification terminal becomes less
expensive and more mobile.

It is important to note that the consolidation of user identification and voice verification
is intended to be distinct from the problem of speaker recognition; i.e., the identification of the
user is based upon a uni que identification code assigned to that user and not upon the unique
properties of his voice. If identification were based upon personal voice characteristics, then
identification performance would deteriorate rapidly with increasing population size. On the
contra ry , with identification based on a unique identification code assigned to each user, the
identification performance does not deteriorate rapidly with increasing population size. Identifi-
cation performance in this case is determined by identification code uniqueness , which may be
increased rather arbitrarily through various methods of adding redundancy.

The next question concerns how to recognize the spoken identification code. Perhaps the
most straightforward method is to recognize that code by comparison with user-specific speech
reference data. This approach avoids the problem of recognizing speech independent of speaker ,
but is not viable because required processing is directly proportional to the number of users and ,
the refore , ide nti fication processing becomes prohibitively expensive with even modest population
sizes. The approach used here for recognizing the identification code is to represent the code as a
sequence of words selected from a small set of words (the 10 digits) and to recognize the words
composing the identification code by speaker-independent word recognition. Of course, there are
problems in performing speaker-independent word recognition that are exacerbated by the
applicati on. In this case, there exists the requirement for minimal user training. Minimal user
training implies the use of normal continuous speech input. A discrete input code identifica tion
scheme would suffer seriously fro m user violation of the discrete speech requirements . The
abili ty to handle connected speech is, therefore , a must . At the sa me ti me, however , reliable
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speaker-independent recognition of these digit sequences said in continuous speech is necessary .
This recognition performance is aided by incorporating three constraints into the sequence
recognition:

Two parity checks must be satisfied
“Difficul t ” digit pairs are disallowed
All digits must be different.

• The minimum desired number of identification codes for this contract was 300. Applying
the above constraints , 320 codes are obtained using a code length of six digits.

• After a six-digi t sequence is recognized , user verification is done on the same input data
used for the sequence recognition. The recognized six-digit sequence is used to locate the
reference file for that claimed identity. (The verification presumes the prior enrollment of each
speaker on the system.) The reference file is then used to make the verification decision.

An overal l flowchart for the digit recognition and verification process is shown in Figure 2.
More details concerning the sequence recognition and the user verification are presented in this
report.
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SECTION II

SPEECH PROCESSING

A. SPECTRAL PROCESSING

The speech processing strategy used in this program is based upon the relative spectrum of
speech as a function of time , which is the output of a 16-channel digital filter bank that has
been preprocessed as described in this section.

I. Filter Bank Definition

The spectrum is obtained by processing the speech signal through a digital filter bank
preceded by a first order differencing network (for preemphasis). The filter bank consists of 16
bandpass filters, each followed by a fuliwave rectifier and a four-pole lowpass Bessel filter with a
3-dB cutoff at 30 Hz. Each of the 16 filters is sampled 100 times per second. The digital filter
characteristics are given in Table I and a block diagram of the spectral analysis hardware is
shown in Figure 3. Actual filter responses appear in Figure 4 for the bandpass filters alone and
in Figure 5 for the bandpass filters with preemphasis.

TABLE 1. CHARACTERISTICS OF 16-CHANNEL FILTER BANK

Center Frequency Bandwidth
Filter (Hz) (Hz , at —6 dB)

280 250
• 2 395 280

3 525 310
4 630 340
5 750 360
6 900 360
7 1080 360
8 1265 365
9 1480 365

10 1725 365
11 1985 365
12 2285 360
13 2640 365
14 3150 625
IS 3720 635
16 4235 615

For processing, the top three filters are summed and filter 14 is replaced by this sum. Filters
IS and 16 are set to zero. The resulting 14 filter outputs at each time sample are represented by the
spectrum amplitude vector:

a 1 (t 1)

a21 a, ( t1)

=

__________ 

a14~ a 14 (ti )

7
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2. Regression

It has been found that by eliminating the gross aspects of the spectrum, such as the slope
and curvature, more clearly defined formant frequencies are obtained. 7 Therefore, the spectrum
amplitude vector is regressed by the fIrst three elements of an orthonormal basis set:

= A~ —Ecik Fk

where

~Jk

Fk = k = ~0, I , 2}

14 , k

• I . 1 ( i — l / 2 )
f11 =— - - - -

~~~~~ sin i————-— ir i~~~l , 2, .  . ,  14}i 14

I (i— l12)fI2 = —çJ~= c os 14 
—

~~~~~~ i i
and

cA = L a mj fmk

Thus, the regression tends to flatten the spectrum, removing any half cycle sine or cosine wave
trends of the spectrum at time t1. An example of a spectral waveform having a large positive c1
is a nasal, which has one peak near the low end and one near the high end of the spectrum
(around 250 Hz and 2200 Hz). An example of a spectral waveform with a large positive c2 is a
sibilant , having most of its energy above 3000 Hz . Most vowels, however , have the opposite
spectral tilt due to the glottal source spectral decay with increasing frequency, yielding a large
negative value of c2 . Figure 6 shows the spectra for /s~v~n/, both with and without regression.

The form of the speech representation shown in Figure 5 is used throughout the remainder( of this report. Each column in the figure represents 10 milliseconds of speech data and contains
• 17 features : the “energy ” (discussed later); the- regressed , normaLized and quantized aU , (i

I ,. . ., 14) filter outputs; and the normalized, quantized regression coefficients (c 1 and c2). The
value of a11 and c are indicated by the density of the printed symbols according to the following:

_  I I
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Value 0 1 2 3 4 5 6 7
Symbol blank , “ + = 0 B $

At this point , the energy is not quantized ; however , it is always used relative to other energies
and the relative value is then quantized.

Note from Figure 6 that the normalized, quantized values of c1 and c2 for no regressionare 2(”) and 6(8), respectively. Values above these represent positive c and below, represent
negative c. For example , c2 during the vowel in the regressed spectra in Figure 6, is zero (blank)
indicating the removal of much of the down ward spectral tilt wi th increasing freq uency.

Also, note that the nonregressed spectra in Figure 6 appears worse than it should since the
quantization (discussed later in this section) thresholds were chosen using a regressed data set. A
truer representation would require recomputation of the quantization thresholds using non-
regressed data.

3. Normalization

The regressed amplitude vector is next normalized by a modified postregression standard
deviation , o~ for time

= 0postj +

where

= i
u
i(±a .2 

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

= 62 for Total Voice

However, it has been noticed that regression sometimes eliminates too much of the variance of
the filter output vector Aj . To limit the regression , a limit is placed on ~~~ as follows

o 2 rna t 2  R2 2~~~P044j ‘- poSt
s ’ mEn Prej I

where 

14

= ~~~~~~~~~~~~ _~~2\
PICj  13 1~ ..s mj jO~

\ m r I f
Rmin 0.6

Note, that when = R ,~~ apre1, the regression coefficients c1 and c2 are reduced in order
to decrease the amount of regression.

_ _ _ _  ___ - 
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The resulting normalized amplitud e vector is then:

(A1)~~~~ (Aj )R

The regression coefficients Cji and C12 are also normalized by a~’.

4. Quantiza tlon

The regressed and normalized amplitude vector is then quantized to one of eight levels
according to a set of quantization thresholds øiq

• (a
’i
)N ~ ~~iq

(a 41 )0 = q 1FF 
—(aU)N <Ø j q +~ for q — 0, 1, . . .

where 
~I’L < i , q + I ; iO = — 00; and Ø~ =

Rather than have these quantization levels (øiq ) being chosen to yield a uniform probability,
however, it was felt to be more desirable to have the quantization threshdds cluster at higher
energy levels (p. 16 of Reference 4). In this way the sensitivity to noise can be reduced and
quantization resolution is increased in the region of interest (which is the spectrum amplitude at
the formant frequencies).

The quantization thresholds were chosen by plotting histograms for each of the regressed, •

normalized filter outputs ((a 11 )N’Sl during regions of formant locations for each of the vowels in N
a specially collected design data set . This data set was one repetition by each of 10 males and 10
fem.~les of the set of words given in Table 2.

TABLE 2. WORDS USED IN DETERMINING QUANTIZATJON THRESHOLDS

‘Pot ‘Bert ‘Bet 4Bought
‘Pu t Bout Bait ‘Beet •

~ -

Boyd ‘Bat Boat ‘But
Butte Bite ‘Bit ‘Boot

‘Pure voweI~

In actually computing quant izat ion thresholds, only the pure vowels (‘in Table ~) wereused. The filters for each of the vowels used is given in Table 3, along with the expected formant
locations for each vowel, as given in Peterson and Barney.9

A plot of the octiles for each of the 14 filters is given in Figure 7. The top and bottom
curves were each replaced by the constant + sine + cosine best fit to smooth the curves. The
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TABLE 3. FILTER NUMBER OUTPUTS USED IN
DETERM INING QUANTIZATION THRESHOLDS

Formant Locations—Males Formant Locations—Females
Design Data Peterson and Barney Design Data Peterson and Barney
Energy Peaks F, F2 F3 Energy Peaks F, F2 F3

/a/ 5—7 , 13— 14 5 7 12—13 6—7, 13— 14 5—6 8 13
/U/ 2—3,8—9,12 2 6—7 12 3,10,13 2—3 7—8 13
/b/ 2—3, 8—10 2—3 8—9 10 3—4,9— Il 2—3 9—10 11
/~/ 3—5,9—10,13 4 10 12—13 5, 11— 1 2 5—6 11 13
/ 11 3—4, lO-- ll , l3 3 10— 11 12— 13 3—5 , 1 1— 1 2 3—4 12 13—14
/ 1/ 2— 3 , 10—Il , 13 2 Il 13 2—3,11— 13 2 12—13 14
/~‘I 3—S . 12— 14 3 5—6 12—1 3 4—6 , 13—1 4 3—4 6 13
/1/ l—2, 11— 13 1 12 14 1—3, 13 I 13 14

/.~/ 3—4, 8—9, 12—13 4 7—8 12 4—5 , 10—lI , 13 5 9 13
/ü/ 1—2 , 9, 12 1 6 12 2— 3 , 10— 11 , 13 1—2 6 13

middle five curves were then replaced by linear interpolations between the top and bottom one
to yield Figure 8, which gives the quantization coefficients for the 14 filters.

The octile ranges for c , and c2 were also determined from histograms of the normalized
c , and c2 values except the limiting of the 0POStj ~~

‘ Rmm Upre3 as described in the previous
section was not done. This yielded the following values of for ~ and c2 .

Oo 0, 02 03 04 Os 06 07 Os

C1 —3.0 —1.5 0 1.5 3.0 4.5 6.0 00

\ •C2 —
~~~ —7.0 —5.67 —4.33 —3 —1.67 — .33 1.0 ~

5. Energy

For each time sample, a measure of the energy was also computed. As an aid to distin-
guishing vowels from nasals (which usually have most of their energy in a 1~) and vowels from
sibilants (which usually have most of their energy in a 141), these two filte rs were not used
in computing the energy measure in the following expression.

E =j  ~~~~~~~ ai)2

6. The Preprocessed Speech Representation

In summary , the input speech representation used is a I 7-element vector representing a
1 0-ms segment of speech. The vector comprises:
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Fourteen outputs (a 1 ) of a digita l filter bank that  have been regressed , normalized ,
and quantized to 3 bits each

Two regression coe fficients (c , and c2 )  that have been normalized and quantized to j
3 bits each

A measure of the energy in the 10-ms speech segment.

B. SEGMENTATION

I. Discussion

One of the most basic problems in speech processing is the time alignment of the speech
waveform, whatever its representation. This can he seen for example from the two spectrograms
in Figure 9 for the word “seven ,” where the ~ ‘s denote the phonemic boundaries. The time
differences between corresponding ~ ‘s are obvious.

Early work used linear t ime normalization of two patterns between end-points of words ,
and al though this method improved recognition performance , it suffered from not being able to

— deal with the nonlinear fluctuations between end points and from not being able to reliably
locate end-points in continuous speech. A later approach used a steepest-ascent algorithm to
solve the nonl inear i ty  problem , but still suffered from the problem of reliably locating end
points.

More recent efforts at t ime normalization have been based on segmentation of the speech
waveform at phonemic or acoustic boundaries. Most of the ARPA sponsored work (Reddy ’° )
dealt wi th translating a string of input features into a sequence of phonemic labels, which
depended on accurate segmentation between phonemes. Segmentation errors then had to be
fixed by more sophisticated labeling schemes. Another approach used was to label speech every
10 ms and then use the resulting labels in segmentation.

Although a phonemic labeling scheme is probably necessary in large vocabulary word
recognition in order to structure and, hence , contain the processing requirement , limited vocabu-
lary word recognition can still use the word-temp late matching approach. This method obviates

• the need to do error-prone phonemic labe lings and can use the more reliable segmentation at
acoustic boundaries. This was the approach used in this study. Time normalization was then
ac~’ompIished by linear t ime scaling between segmentation points.

Acoustic segmentation can he done independently of the text  by locating changes in
features such as voicing, energy, or spectrum between adjacent time samples. This is a reliable ,
precise method for use in speaker-dependent recognizers : however , sometimes expected acoustic
segmentation points are missed in speaker-independent recognition.

The more robust approach used in th is  study is to use a text-dependent approach ,
match ing a feature vector (called a scanning pattern) extracted from the input speech waveform
to re fe rence scanning patterns, or templates , computing a distance between the input  and all
re ference patterns. Minima in this distance function then are locations of potential acoustic
segmentation points (called re ference points).  Reference points are then combined into optimal
sequences using a dy n a m i c  programming routine tha t  accounts for the value of the distance

18
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function at the reference point and for TABLE 4. REFERENCE
deviations from expected time differences P ’ I ~~F1NIT10N
between reference points. This technique is
described further in the next sections. z4 lr~ o~ f~ al~ v

The reference points (~~) chosen for w~ A~5n s~ l~ k4s
the digits are shown in Table 4 for the 4 t~ u~ s4f~vaA nph onetic transcriptions for the General 

-

American dialect pronunciations for the O~ r i~ 4e~ t
digits as found in Kenyon and Knott. u f~o~ r n~ al A n
These points were chosen at points that
would exhibit large spectral changes. This is
true of the points in Table 4 if the restriction of not permitting digit combinations yielding
vowel-to-vowel transitions (0—8 , 2—8 , 3—8), vowel-to-glide transitions (0— I , 2—I , 3—1 ) , or
semivowel-to-glide or vowel transitions (4—I , 4—8) .

2. Scanning Pattern Definition

— Scanning patterns are formed from spectral data and are used for comparing the input
speech with reference data. The scanning pattern formed at time t1 consists of: ( I )  the spectral
data, regression coefficients , and energy for the five time samples from ~ 2 through ~ + 2 and (2)
the difference between the data for all adjacent pairs of time samples. The energy used in the
scanning pattern is the energy measure (described earlier) for each of the five columns of data ,
normalized by the sum over all five columns and quantized to 4 bits. Figure 10 illustrates the
formation of a scanning pattern from preprocessed speech data. The only purpose of the
difference data is to more heavily weigh t rapi d changes of the feature vectors with respect to
time. Since this data is derived from the standard data portion of the scanning pattern ,
subsequent illustrations of scanning patterns in this report will not show the difference data ,
even though it is, in fact , part of the actu al pattern.

3. Scanning Error Computation

In order to determine where reference points occur in the input speech, the input data are
compared with reference data. This proced ure (called scanning) is done by formatting scanning
uatterns from the input speech at each time sample t3, comparing these with predetermined
reference scanning patterns ~~~~, and obtaining a measure of squared difference between the two,
called the scanning error:

164

ek) = Il~~~~ 
- -  i~ 112 (x 11 - r1k )2

The final error associated with each reference point is the minimum error of all comparisons
with patterns representing that reference point. -

- 
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4. Valley Finding

Using the scanning errors as a function of ti m e, an error function is thus generated for
each type of reference scanning pattern using the minimum scanning error for each pattern type
for each time sample. (Multiple re ference scanning patterns are allowed for each reference point
of each digi t.) Each function is monitore d for dips of sufficient magnitude to be considered as
potential locations of the corresponding reference points in the input data. These dips are called
valley points when the ratio of the scanning error following the dip to the scanning error at the
dip itself is greater than or equal to a specified peak-to-valley ratio (PVR ) (typically 1 .1 to 1.3),
and the magnitude of the scanning error for the valley point is less than or equal to a threshold
(typically 600 to I ,200). The occurrence of a peak (verified when the ratio of the scanning error
following the peak to the scanning error at the peak is less than the reciprocal of the PVR) is
require d before another valley point can be found. The valley finding procedure is shown in
Figure II.

C. GENERATING WORD HYPOTHESES

The next task is to fit the h ypothesized reference points together to form word
hypotheses. A sequence of time-ordered reference-point hypotheses for a word must exist. The
time distance between each pair of reference points must satisfy the word-specifi c minimum !
maximum restrictions given in a later section. An error is determined for each reference point
pair which is weighted by deviations from the expected distance between the two points and the
scanning error at each hypothesized reference point. The weighted error for reference points i
and 1+  l is:

= ~~~~~
-

‘~~~~~~~
- -

~~~~~~~~~~~~~~~~~ 
F I + ~~~~(_L 

dt 1’\
2

1024 
1 \ a~ /

where

dt1 = t ~,.1 - - t 1

dt1 = expected dt 1

dt~’ = max (dt 1, dt 111111 )

13 = 2

c_I~ ~~ 
= 4

off set = 100

= valley point error for reference point i

The hypothesized word sequence error ( SQ) is the sum of the E~ for all reference point
pairs in the word and is limited by the word specific thresholds in the following list:

21

~
- 

~~~~~~‘-.~~
—_—--—-- . —-  - — -  —-_  

- -— - -- —- -_ - - --- —-~~~~~~~~~~~~~~~~~~~~~ -.-~~ --~~~~~~~~~ --



_ _~ 

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

- - - ---

~~~~~

-

REGRESSION
COEFFICIENTS S,c 1 

~~~
~ ‘L ,i~~

DIFFERENCE
FR EQUENCY : 

~~~~~ DATA
~~..i x i~j  —~~~0,c ,c~~ 

t
~u t  ut_I

3 ~
- £ -~~

,x ~~~~.c r~QUANTIZED
RELATIVE ENERGY : S.fll .y

d

I I I SCANNING

MM PATTERNREGRESSION Jc2 ~~~~~~~~~~~~~

COEFFICIENTS ‘\C i ~~~~~
— Sc

‘~~ -~~~:- +
-

‘
~~~~~~~~~~ -

‘ STANDARD
FR EQU ENC Y :  ‘~~~~~~~~ DATA

- : 1 4

QUANTIZED
RELATIVE ENERGY :

REGRESSION -

COEFFICIENTS

/
.,) 2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - t2 I, , II ,I ,I , S 5

~ C ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ : s ,+ i I . . i IIg . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~ 

. ,  ‘.~~~ ~~~~~~~
+ 1 1  S-~~~~.” - -. S s 3 I I C ~~~~O~~~ 4 4 1 1 4 4 1 1 ft 11 S.U s , I i~~.~~ 310’ I~~ 4 4 4 4 + , +’

Z • 1 • 5  S a + 4 c e o ~~~s..............
S S S S I I I I I I S S S S S 5 + II ii 5 II + 1 S S S S S I 1 S S II + ~ II ~~- + I S S S S S S S S S • S U01 ~~~~~~~~~~~~~~~~~~~~~~ u i ~~~~u ,.... . . . .  s s.,ii + s,,+cuc, s--  * s + + + + , + - + + . . . ,

~~ I I 5 I + + + + + + + + ++ - i + + + + 4 .  - S 4 + I 5 + + l l +, -  -,S + + + 4 + 4 f 4 + + 4 4 + + 4+ + +~~ + 4 + + •
‘.7 + S , • 4 + + ++ + + + +  5 4 + 4 4 1  5 5”  “ 5 - - . .
01 .. S S S S S S S S S S S S S S I S —  — . S 5  I S S 4  IS .

• S * S . + $I SI S. S S U
3 — —  . — .  ~~~~~~~~~~~~~~~~~~~~ 5 + ,  5 1 1 1 1 $  5 4 + 5 — —

II. 5. — 1 1 + 5 5 5 5 5  5 + 4 5.

— I.,, £ - t  U.

~ 

-~~ L1~~~ tA
~~~~~~~~~~~~~~~~~~~~ —9 4t t,.~~~— ~~~~~~~ ~~~~~~~~~~~ —r~~~j u - — t ~- & . ~n. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0 1 ’ S
Z 01 

~t l~’ U.U..U.U. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~01 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ e~~c-c~~ — ~~C L J O ’t C V ~~l~.L%J 0 ~~ C~~~ø.U. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TIME CENTER POINT OF INPUT
SCANNING PATTERN

—~ Figure 10. Exampk of Scanning Pattern Formation

22

_ - - -~ - -  —- - ---- _—~~----------



- 7

( ~~~+~~, • •3 i ,, 4 I ~ 1~~)
(. r i  ,. I)~~~’ ,• ;f~ )

,, ‘ ., : I i (, .  • )

(‘i: ‘,(‘flI le ‘I

~~~~~~~ ,. 3 5 5 _ ’4 ’ )
• +( 1(s15 + •

(~.I .( lss( l ,  )
— • , :‘~~~~lI :  ‘ )

3 - ~ ~~~~~~~~~~ I
Z (~ , :(i t l. 1: ,.

01 4 ( ‘~ s~~~~~~ I
01 I-. .. I 

~~~~ + :f l ( ~ r1 . I

~ 
_
_J 1~’~ ~~ ~~~~~ i •

01 0. _< •.~~ ) ~: ,, 
I c + i - - ’  .,~~~ ‘ ‘ ( : - . -  • ,,)

~~~ 

~~~~ ~~~~ 

• ~~~~~~~~~~ ~~~~~ ~01 Z Ii. ~~~ ~~~~ L( ,t 1  ‘.( )( - ‘.: )
~ Z enn... ’

::: ~~‘ I s 5 ’ ~ fl

(0 I ~::~: ::;:~:~,.
I x ~~~~~~~ ~ 1

- — I I •.~~~ ‘l ~i) +fUl )

I ~~‘
. ~~j~ 5 , : 4 4 )

I ( •~ •~~ 5 i 5  ~~~~~~~~
I ( ,,.— + I) e ,, • f l )

( :“,:+ .~~~~, ..~~)
I ( • (j 4.. ~~,:4 

~ i)  z
I ( • ..p~~~4 4 . 4  •ç )
I ( a •~~• . •. •

~~)
I ( ‘ .f l +fl: , . ‘~~)
I ( 

“ ‘~~~~~~~~ •• ,,~~)
01 ( ,. -) . 1r) _ :+ + : )

( ~~~ ) .. A O~ )

‘1. C “ . (‘5+ • )
) ( S i l l (‘, 14ç,  5 )

I ( .r’ • n. ~~~~~~~ • 1
f C ’ .—, ~ •(5 (~1

~~~ I ( 3 5 5 4  ~• (‘i’ ’ ’ ) 01
( l ..~~~~ l _ ~~ ~ f l_ ~~ 5 )  ~~

4- ( N s 5 + 3~~~+ : :+ + , 3 + )
—

A3N~ flOBèL~I

01
(Il >

23

_ _ _ _ _ _ _ _ _  —--.- ---— -- -- - --  - - -- _ 
. - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- , — - -—-~~~~-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - _ - _

~~——~~~~~~~



— -—-—-P-- ---- ~~~~~~~~~~~ - - - - — - - —--~~----- —- -----— — ------ ------

Digit SQ’~~~’ Digit SQ~~~~
0 630 5 350

350 6 630
2 650 7 600
3 300 8 300
4 300 9 260

D. TESTING WORD HYPOTHESES

To test a hypothesized word, a recognition pattern is formed that is anchored at the
corresponding hypothesized reference points and is compared with reference data associated with
the word.

Each data sample represented in the pattern consists of both spectral data and regression
coefficients. In addition , the energy measure for each column of data is normalized by the sum
over all columns, quantized and included with the spectral data. The number of data samples
(columns) to be used as well as the locations of the samples with respect to the reference points

— are specified in the word-specific pattern formats in Table 5.

TABLE 5. RECOGNITION PA11ERN FORMAT DEFINITIONS
FOR THE DIGITS

z I r o f a ! v

—4, —2 (4) (4) —4. —- 2 (6) 2, 4
w A n s I k s

—4, —2 (6) 2, 4 —4, —2, (4) (2) 2, 4

t U S €

—4, —2 (2) (6) —4, —2 (4) (4) 2, 4

8 r I e

—4, —2 (6) (6) 2, 4

f o I n a I n
—4, —2 (6) 2 —4, —2 (6) 2 , 4

The format is specified as follows :

I . Initial negative numbers indicate the columns for extrapolation before the first
reference point

2. NR— I nonnegative numbers (NR is the number of reference points) indicate the
number of columns for interpolation between reference points (these numbers are in

I 

parentheses)
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3. Remaining numbers indicate the columns for extrapolation after the last refere nce
point.

Figure 12 shows a sample of the spectral data portion of a recognition pattern being extracted
from an input speech spectrum.

After a recognition pattern is formated for the hypothesize d digits , the squared Euclidian
distance (TE) is calculated to all reference recognition patterns for that word and the minimum
distance is retained for use in calculating a total normalized error (NE) for the digit (k) given
below.

TEk f# of columns in k SQk
-

normalizing constant I or digit k I

where SQk is the sequence error (previous subsection) for digit k.

The total normalized error (NE) for each hypothesized digit is compared to a threshold ,
and the digit is discarded if the error is above the threshold. In addition , if the average energy
across the word is less than a threshold ( I SO), the digit is also discarded.

E. DIGIT SEQUENCE RECOGNITION

The digits remaining from the testing of the hypothesized digits are placed in a table. The
final step then is to construc t the six-digi t sequence having the minimum error (2 NE) for use in
identifying the claimed identity for the speaker verificat ion portion of the program. Since only
300 sequences were require d in this study, certain constraints were imposed on the sequence to
improve sequence recognition.

First , to reliably find reference points , certain digit combinations were disallowed as
discussed in the section on segmentation. In addition to the types of transitions listed in that
section that were disallowed due to lack of spectral transitionitivity , all nasal-to-vowel, glide, or
semivowel (or vice-versa) transitions were disallowed because of the affect of nasals on the
formants of adjacent vowels. Hence , the following digit combinations were not allowed :

0—I 2— 8 3—9 7 — I
0—8 2--9 4—1 7—8

O--9 3—I 4--8 9-- 1
1—8 3—8 4—9 9--8

• 2—I

The second constraint imposed was that the first two digits in the sequence were linear
combinations of the last four digits. Specifically,

d , ={
~ 

[(k -. 2) d k J fl,(~d I t S
k= 3 m o di l
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d2 = [~~~~~dk] 

-

k 3  mo d l l

for dk = 10, I , . . . , 9 1.

The third constraint was not for the purpose of aiding digit recognition , but rather to
improve speaker verification performance. This constraint required that all six digits be different.

The resulting sequences after applying these three constraints are shown in Table 6.

The entries in the table of hypothesized digits are arranged in order of time of occurrence
of the final reference point. A pointer exists for each entry to the location in the table of the
first non-overlapping digit preceding it. The table is then searched for the six-digit sequence with
the minimum sequence error , imposing constraints such as maximum interdigit times (0.3, 0.3,
0.6, 0.3, and 0.3 seconds, respectively) and maximum subsequence errors in order to minimize

— 
the search time. The specific algorithm is detailed in the software documenta tion for this
contract.

After the minimum sequence error is found, it is compared to a threshold ( 480) to
determine whether the sequence should be accepted or rejected, in which case the speaker would
be prompted to repeat the sequence.

TABLE 6. ALLOWABLE SIX.DIGJT SEQUENCES
U?~J t 3 F 3  021)9’)4 Ocl~”ti 3 ~‘

035162 uL1 ,~~bl 0~4~~~j 7 b

0 5 S 2 7 C 1  0 ..) 4 5~~ (‘5?2b1 (J~~/ 3 4.~ tJ ’i I 4 ~~4
0 6 193 4  U 0 ~~~I 1 (l  (abcl 3 5l  U C , b 4~~~ 0bo ~,t 3

Ub b9’e 7 O7LS~~K u1 ’45 b 3 0 7 b 3 4 , 1Is~~4i~~

~~~~~~~~~~~ 10’47b5 101,544 1 l i , 19 4 4 ? 123r ,o7 leL57b~
1d4065 1-2 ’ 4SUS I 5 ~ 1d54b ’ ~ 1d~~97~
12b 450 l~~b ’~45 1 a?75~i .5 13 02 /5 13~~o5F

13 5 012 13 1~~~I) 137954 1421 ~~O l ’4~ 57t ’
145~1b7 lL4blSb 141053 1475o~ 1sui, /~
1~~2 374  153421 154d S1 l 5 $ t J b ’~ 15’~ 0 .S’4

1 5 9 4 6 M  I 1 , d~~73 1b2f35 1t)5Sc~/ 1b1~)3c~
16t ~342 I~~o4~~3 1bb~~04 1 7 $5øc~ 17’41,~~
17s3b4 l 7b$~ s) 1i ’1432 l~~30’4t~ 1’*52U 4

l9SLll b 14436 7 19Sloi~ 1~~5b4I 4 .~

1 96734 I4/4b~ i 9 1 t~?5 ~ U’4h1’) c~O -4 l5 ~ I ~205647 diPb4S~
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TABLE 6. ALLOWABLE SIX-DIGIT SEQUENCES (Continued)
2.51945 243 0 57 24455 b 1 24b 153 246587
253180 25b 1’9 0 256154 259b1() 260359

26 175” 2r 5’~u 4  289305 273069 273654

2 15193 27~~’436 27 594u 279504 305476
306952  ~07258 307881 307924 325874

342 0 7 6  342~~8O 345172 3451,87 345 7b6

348810 3~~7~~~ 0 351627 35 62 06 36 101 9

56 1745 36 1907  3 b 5 1 4 1  38/5 14 366405
£ 1 O 4 e ~~ 4032s1 40 5685  406358 423 579

428657 ‘4e~flI5 l 430752  ‘452615 ‘435j~~1,

435207 4572s0 451980 453076 4so112

4510b3 ‘151306 ‘1’862 1) 458913 461302
— 4~~32 75  4 b 5 7 2 5  ‘thOt, 72 468 153 47~~583

4 7 8 8 1 3  ~~~0b 9 . 4 4  5 l u~~b4 510 ’426 5 12 0 46
5 1 37 9 4  5lo~ 9I) 5I/~#43 520463 523640

540?7b  5 4 82 07  54? b u 2  57~~3~~9 578804
579234 5~~196 4 585079 592034 592468

5946 7 3  598102 5 9b 4 7 4  ~97346

805812 6 12 0 5 1  6 l c~70 3  b 1327 0 6 11954
6 19 4 7 3  825110 625b47 6305/2 635027
b’153u7 845730  h 4 / 3 5 0  847512 b 5 1 9 42

0 5 5 72 4  ‘~54372 h~5o193 87582 3 b 75904

b 8 1 5 2 ( ’  b -~~17 9 2 881954 8835744 s5194

885437 890243 690324 690758 893420

694230  69~~sif3 70.SbSei 705863 /06592
/O6BSS 72u 8’$ 7~~3’4bu 724351 / 2 4 5 13

136251 1~J IJ ~~ 8 740881 74.3518 745136
1a4580? 150619 75169u 7 8946 759403

76 1~j 32 / b 2 i l ~1 7t~S590 7 6440s8  7660a5
7 9 0 25 4  7 9 4 5 0 2  L3u259b 8(15269 805692

80b7 45  8102 37 8128(1 4 6 12795  6 140 b 2

614305 615034 6 15 9 7 2  6 183 59  o 1 1 5 2 0

I~1759? 8 1 9 3 / 4  8 1 9 5 3 8  6 20 43 6  6 2 0 5 1 7

_ _ _ _ _ _ _ _  —~
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TABLE 6. ALLOWABLE SIX.DJGIT SEQUENCES (Continued)

8234 51  b2uu ’1 .4 b~~7 9 5 .~
83 59 47  h4UhIc ~ b 4 07 5 . ” 64 .~~ 507

8 4 5 12 7  8 4 7 2 5 1  85 tL4b/  6 5 17 8 2  65 1924
852734 8 5 5 7 0 b  ~.5 7 h 1 2

8b 14 3?  66’ S0 669512 o1351 4

8 7 5 b 4 4 3  b7 ’ ’ 4 5 4  b1~.’5 3 4  o 7 9 0 4 5  o l 9 b 3 i l

8 9243( 1 ~$ 9 5 2 4 ( )  b9~~’40 d e~’.45 ~,/ 4 . i  ‘i~~s 1 u S
4 ( ’5n8~ 9 5 ) 5 7 0 4  9 0b 5 / ’.~

90081/ 9 4 )7 48 5  9 0 / 5 ’ 46 92034 8  9~~3bIJ 4

92 5 1 4$  9 2 6 0 5 4  9r ’ / S l t s  2 7 ’ t ~
9~~b t 5 2 9 3 / 2 0,  ~‘Ot ) 562 94~~e, U !

9 4 5 7 U 3  ~i 4 h 2 / 0  94o3 51  9 ’4 8 51 5
— 

9 5 8 12 1  ~573b0  9 5 1 8 5j 3 9’,el /O ‘1~,3512

9 1 4 45 8 1  915h34
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SECTION II I

THE DATA SET

Two data sets were collected for the digit sequence recognition study: a design data set
and a test data set. The design data set consisted of recordings of one repetition of 1 of 10
possible sets of 10, six-digit sequences uttered by each of 560 subjects (333 males, 227 females),
for a total of 5600 six-digit sequences (approximatly 6 hours of data). Data from 436 (230
males, 206 females) of the 560 subjects were collected over 5 days at Texas Instruments in
Dallas, Texas. Very few of these subjects had any prior microphone experience. Data from the
other 124 (103 males, 21 females) of the 560 subjects were collected over 3 days at Mitre
Corporation , near Boston, Massachusetts. All but one of these 124 subjects were already
participating in a speaker verification experiment being conducted at Mitre at that time,’2 and
hence had microphone experience.

The test data set was collected for a speaker verification experiment at Texas Instruments
in Dallas, and consisted of recordings of one repetition of one of ten possible sets of 10 , six-digit
sequences utt ered by 106 subjects (64 males, 42 females). Each subject returned for several

— sessions (I to 73; median no. = 25),  usual ly on differen t days , over 3 months, using the same set
of 10, six-digit sequences each time. Figure 13 shows the number of subjects participating in
each session. In addition to this data , each subject had one (in some cases, two) “enrollment”
session consist ing of fiv e repeti t ions of each of the 10 , six-digit sequences in their assigned set.
The total amount of data collected is between 60 and 70 hours.

The actual sequences used in both data collections are shown in Table 7. Typographical
errors caused the sequences used in the Dallas portion of the design data set collection to differ
slightly from those in the Boston portion , as noted in the table .

Both data sets are contained on annotated analog tape recordings. Background data were
collected for most of the Dallas subjects (both data sets) including sex , birthplace, locations of
all schooling, educational level, age, number of years in the Dallas area, parents na tionality, and
whether or not any speech defects existed. More limited background data had already been
collected for the Mitre volunteers , consisting of sex , educa t ional level , age, number of years in
the Boston area, whether or not any speech defects existed and a general geographical region of
primary schooling (there were four regions for the U.S., for example).

Data collected for both da ta sets in the Dallas area were recorded on a Teac 4010 SL,
reel-to-reel tape recorder using an Electro-voice 674 microphone with a model 376 windscreen.
Data collected in the Boston area used the same microphone , but were recorded on a more
portable Sony TC-105 tape recorder.
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NUMBER
VERIFICATION NUMBER OF
SESSIONS PARTICIPANTS

I 2
2 4

3, 4 0
5 2
6 I

7—9 0
10 2
I i  3
12 I
13— 
14 2
15 1
16 1

17—1 9 0
20 4
21 4
22 4
23 2
24 2

F 25 30
26 15
27 6
28 4
29 2
30 3
3 1 3
32 2

33—34 0
35 1
36 1
37 0
38 1

46

73

222242

Figure 13. Number of Sessions in Speaker Verification Data Base
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TABLE 7. TEXTS USED IN DATA COLLECTIONS

Digit Sequence Recognition Texts

068947 068351 024587 032651 054327
159468 179432 168342 168423 168504

— 204675 204756 269305 279504 259610
305476 342076 342580 370468 306952
472583 476813 457306 427051 437250
513794 583079 581963 523640 51 2046
690243 681954 690324 *681792 (681972) 6907S8
751690 745136 736251 706835 743516
896347 850367 823451 814305 861457
937205 ~9’~7546 (907456) 925143 905683 905764

074563 053274 037459 *068432 (068342) 057261
135072 195762 125973 175364 158062
258134 256190 260359 243561 273654
307258 307681 361079 307924 351627
432615 458620 468072 461302 465723
579234 592034 592468 594320 594673
681520 619473 683574 630572 612037
763590 761032 764058 762519 740681
840672 824695 819374 869350 819536
906817 940582 946270 946351 936152
Speaker Verification Texts

057342 072358 027683 068513 061934
124063 145867 176840 165327 159034
273069 237945 243057 261754 253760
358206 361907 361745 346810 368405
451960 458973 468153 457063 430752
546207 510264 510426 520463 51 7943
612703 613270 675904 654372 675823
720364 724513 724351 759403 794302
869512 879045 879630 853706 852734
945703 946513 932750 942607 926034

035162 026954 047658 057423 026873
152374 162573 162735 142760 132057
206457 265903 269305 234768 234687
347620 367514 345172 345687 345768
453076 463275 423579 403685 403251
540276 570369 516890 576804 547602
658793 694583 694230 619473 651942
759403 758946 740258 750619 790234
85 1762 869350 861023 851924 879630
974581 951672 968027 968450 958170

*Sequences in parentheses are illegal sequences caused by typographical error .
Sequences in parentheses used in Dallas; other three used in Boston .
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REFERENCE PATTERN GENERATION

A. CLUSTERING METHOD

Although some scheme, such as using scanning ana recognition patterns for time registering
the input speech waveform , is mandatory for speaker- independent word recognition, the draw-
backs of using only one “representative ” pattern for each referen-’~’ point and for each word
becomes readily apparent. The variations due to context , dialect , idiolect , and actual physical
characteristics of the speaker (length and shape of vocal tract , pi tch , etc.) must be accommo-
dated by allowing multiple scanning and recognition patterns in order to gain acceptable
performance levels.

Since the nuMber of representative patterns needed was not known a priori , a hierachical
clustering procedure was used on scanning and recognition patterns extracted from the design
data set to determi ne sets of candidate clusters. Hierarchical clustering methods use a similari ty
matrix , whose entries measure the pair-wise similarities between the clusters in the data set , in
determining which two clusters should be joined or divided. Iteratively joining clusters from N
clusters to I cluster is called agglomerative clustering, and , less common , iterat ively split ting
clusters from I cluster to N clusters is divisive clustering. The entries in the similarity matri x are
derived from either a distance or a correlation and are one of three types of measures:

1. Linkage (compares actual data between pairs of clusters)
2. Centroid (compares means of pairs of clusters)
3. Error sum of squares of variance (measures dispersion in new clusters resulting from

the combination of all pairs of clusters).
More detail on hierarchical clustering can be found in Anderberg, ’3 Everitt , ’4 and Duda and
Hart .’5

The method used in this st udy was an agglomerative method that combined the two
clusters having the smalles t average distance between the points in the two clusters, i .e., combi ne
the i and j clusters which have t he mini mum

d(~ , ~ )
X E x 1 X E X ~

whe re
= the numbe r o f t ’s in class x~

n~ = the number of ~~‘s in class x~, and in this case
= h f  ~~

? hh 2

The second step used was to iteratively improve on the partitions from the heirarchical 
-

clustering by moving samples from one group to another if such a move improves the value of
some criterion function. This step used the iterative optimization method in Duda and h art ’5
that minimized the sum-of-squared-error criterion 

~ e’ written as
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~e ~~~~J1
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where

— l~~~~
_’ _

m. — x
Tex1

If a point ris moved from class x, to class x~, the means and M~ change to

T-iit.
* = uT . — and uT * = 1ff. +

I I n , — I  i j  nj + I

J 1 decreases to

n.
= 3. — lix — m1 ii

n1 — l

and J1 increases to

n.
3* = J. + Hi— liT ~~

J J n , + l

Clearly then , since the cri terion is to minimize 3e ’

n. -. n. -.
~ hif — ,~~~ pj 2  < ~ 

— ~~~,,2 ( I )
n~ + 1  n1 — I

then ~ should be transferred from class x1 to class x3. Specifically, ~ is moved to the class Xj .
having the smallest (n~/n~+ 1) il~ — ffi

1
112 .

An additional property of this selection for J~ is that a set of equally divided clusters is
favored over a set containing both small and large clusters. This can be seen by considering n1 )‘
n~ in equation (I), which yields approximately,

J il~
- - if. hi~ <f l~ - M 112

n1 + l 
-~

Thus for n~ = 1 , the distance fl~ — ThJ II~ need only be less than twice the distance hl~~~ 
—

m1t12 to the old mean to be transferred to class XJ’

_ _£
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A flow chart for the clustering program including both the hierarchical clustering and the
iterative optimizat ion is given in Figure 14.

Returning to the hierarchical clustering, t he question still remains of choosing what is the
“proper” number of clusters. Rather than make the decision based on the clusters defined during
the hierarchical clustering, the cluster de finitions for 2 through 10 classes were each used in an
iterative optimization , yielding new cluster definition s for each set of clusters. One set of these
ite ratively optimized clusters was then chosen on the basis of

I . A subjective judgment as to when no new unique features are present in the average
pa tterns for each of the clusters .

2. Minimum value of 
~~~~ 

for N clu sters J~ for N+ l  cluste rs )/ (Je for N clusters).
3. Value of 

~e (data sets with large J~ favor using more clusters) .

In actually implementing the hiera rchical clustering portion of this program , the question
arose as to whether to calc ulat e the similar i t y matr ix  once and update it or to recalculat e the
entries each step as needed. The similarity m atr ix  contains N(N + 1 ) 12 uni que entries. For even
32,000 computer words of storage , this yields only N = 252. In addition , a seque ntial updating
procedure would tend to accumulate errors : hence , double precision would he used to help
preserv e accuracy, further reducing N for a fixe d ava i lable amoun t of storage. In order to allow
large r values of N , it was de cided to recalcu lat e the entries of th e similarity matri x each step as
needed . This approach was even more at tract ive because of the existence of a “vec tor com para-
tor,” a special purpose device that calculates . lI~ and is attached to the direct memory access
port of ’ the computer being used. This device is also used in the real-time processing for digit
recogni tion.

B. CLUSTERIN G RESULTS

The clustering methods described in the previou s subsection were used on both reference
scanning and refe rence recognition patterns that were extracted from a subset of the design data
set described earli er . This subset consisted of the fi rst and third digits from each of 10, six-digit
seq uences from 85 subjects (42 males . 43 females) . Since every digit appeare d once in both the
fi rst and third positions of every set ol 10 sequences , this provided a sample of both a short
(fi rst position) and long (third position ) version of each digi t from each of the 85 speakers.
Reference point s were automatically marked usin g some previously defined reference patterns
and were all reviewed by hand to ensure their proper location. Using these re ference points ,
scanning and recognition patterns were formed from all acceptable digits.

As described in the previous section , on e of the measu res used for select ing the n u m ber of
clusters to be used for each reference p at tern type was the value of (J~ --- I )/J ~~. These
values are shown in Table 8 for scanning patterns and in Table 9 for recognition patterns. The
value for the number of classes selected is underlined in each of the tables.

C. R E F E R E N C E  SCANNING PATTERN S

Generally, the reasons t’or the class distinctions for scanning patterns are
Formant location differences (due to sex)
Lack of sibilant energy or aliasing of sibilant energy into lower filters ( I I  13) for

. females
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TABLE 8. SCANNING PATTERNS (J~ —

No. of 0 1 2 3 4
Classes 1 2 3 1 2 1 2 3 1 2 1 2

1 0.125 0.172 0.230 0.172 0.139 0.125 0.126 0.272 0.109 0.165 0.107 0.120
2 0.118 0.094 0.036 0.100 0.062 0.050 0.094 0.057 0.067 0.088 0.054 0.087
3 0.057 0.044 0.094 0.075 0.084 0.077 0.060 0.058 0.051 0.081 0.054 0.021
4 0.061 0.05 1 0.025 0.043 0.054 0.037 0.046 0.050 0.059 0.04 1 0.051 0.081
5 0.036 0.038 0.065 0.043 0.037 0.035 0.041 0.064 0.04 1 0.048 0.014 0.057
6 0.046 0.036 0.019 0.038 0.035 0.027 0.021 0.033 0.027 0.051 0.036 0.020
7 0.033 0.044 0.039 0.022 0.025 0.024 0.051 0.027 0.023 0.049 0.033 0.035
8 0.027 0.037 0.046 0.030 0.043 0.043 0.029 0.030 0.031 0.03 1 0.037 0.051
9 0.018 0.030 0.012 0.030 0.022 0.028 0.027 0.023 0.017 0.020 0.0004 0.024

No.of 6 7 8 9
Classes 1 2 1 2 3 1 2 3 1 2 1 2

1 0.110 0.138 0.244 0.193 0.129 0.152 0.200 0.133 0.127 0.134 0.174 0.104
2 0.060 0.083 0.120 0.073 0.081 0.081 0.068 0.11 1 0.087 0.078 0.081 0.092
3 Q~Q~~ 0.062 0.074 0.064 0.069 0.049 0.083 0.077 0.060 0.062 0.044 0.081
4 0.038 0.052 0.063 QQ~ 0.08 1 0.074 0.04 1 Q~~~~~2 0.06 1 0.063 Q~Q~~5 0.022 0.029 0.018 0.042 Q~~ 8 0.012 0.037 0.056 0.044 0.026 0.087 0.064
6 0.036 0.027 0.030 0.029 0.03 1 0.036 0.029 0.013 0.028 0.049 Q~ Q~~~~~ 

0.048
7 0.021 0.034 0.027 0.032 0.029 0.024 0.031 Q~Q~Q ~LO35 0.036 0.054 0.047
8 0.028 0.026 0.028 0.03 1 0.045 0.024 0.020 0.044 0.030 0.029 0.028 0.036
9 0.022 0.041 0.034 0.018 0.028 0.066 0.030 0.030 0.03 1 0.027 0.028 0.046

TABLE 9. RECOGNITION PATTERNS (J~ —

0 1 2 3 4 5 6 7 8 9

1 0.148 0.137 0.124 0.118 0.127 0.164 0.176 0.194 0.166 0.135
2 0.058 0.064 0.057 0.056 0.054 0.053 0.051 0.06 1 0.071 0.060
3 0.034 0.078 0.051 0.042 0.040 0.037 0.027 0.037 0.080 0.053
4 0.029 003 1 0.027 0.050 0.029 0.041 0.059 0.020 0.03 1 0.057
5 0.022 0.033 0.029 0.03 5 0.034 0.024 0.025 0.043 0.024 0.050
6 0.047 0.033 0.030 0.017 0.041 0.042 0.035 0.018 0.029 0.026
7 0.012 0.031 0.026 0.033 Q1Qjj 0.024 0.017 0.042 0.018 0.022
8 0.016 0.028 0.021 0.020 0.015 0.017 0.028 0.033 0.04 1 0.018
9 0.027 0.023 0.017 0.030 0.034 0.016 0.016 0.021 0.029 0.035
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Vowel nasalization
Context differences
Presence or absence of the third format (F3) for males during certain vowels.

A brief discussion of the pattern classes for each reference point for each digit follows. The
figures showing each of the reference patterns have eliminated the difference data for purposes
of brevi ty. The number of male and female contributors to each of the reference patterns is
noted below each pattern.

Zero (Figure 15)

Ref. Pt. 1: Ml patterns for this point contained a constant maximum
/zl/ amplitude for c1 and a rising energy level from the sibilant

into the vowel. Since /1/ and lu are close vowels in F 1 /F2
space, the pronunciation differences caused little pattern
difference.

Male patterns: 1 , 3, 6

Pattern I has no F3 present during the vowel
as patterns 3 and 6.
Pattern 6 has lower energy and a less prominent
sibilant than the other two patterns.

Female patterns: 2, 4, 5
Pattern 2 has no sibilant present and a
slightly higher F1 than patterns 4 and 5.
Patte rn 4, although having a more prominent
sibilant than 2, has less energy during this
part than 5.

Ref. Pt. 2: 11th reference point presented the problem of choosing
/ ro/ the point either when F 1 rose or when F2 and

F3 split apart. Both events did not always occur,
and when they did, they did not necessarily co.occur.
Energy was relatively constant across all of these patterns.
Male patterns: 1, 5

Difference was in time of occurrence of F1 movement

Female patterns: 2, 3, 4
Patterns 2 and 3 have no F2 /F3 splitting
Pattern 3 has lower P2 /F 3 than patterns
2 and 4.

Ref. Pt. 3~ For this reference point, the contextual split
was more evident than that due to sex. Few of the

/os! vowel-to-sibilant patterns, however , were due to females due to the
lack of prominent sibilants for females. In
addition , the vowel formant structure appears
washed-out , probably due to mixing of /ot and
/A/, whose second formants occur in different
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filters. All patterns exhibited a- decreasing energy
profile.

/ost patterns: I , 3
There was higher sibilant energy for pattern 3, althougl
F, during vowel is washed out , probably because of
the male/female mix.

10U/ patterns: 2

/0U/ patterns exist since “zero” exhibits lip rounding
at the end when not followed by a sibilant as evidenced
by the energy in filter I .

One (Figure 16)

Ref. Pt. I:  This pattern type was typified by rising F , and F2
/wA/ and rising energy, although sometimes the steepest energy

rise occurred before the formant movement , as seen in
pattern 4. There was little male/female distinction ,
although some is seen in the higher F , and F2
val ues of patte rn 3 over pattern 2.

Ref. Pt. 2: This reference point had primarily a male/female split
I/tn ! and a nasalized/nonnasalized vowel split in pattern types. The

nasalized vowel pat tern types had a flatter energy
profile than the more sharply decreasing ones for the
nonnasalized vowel patterns.
Male , nasalized vowel : pattern I
Male, nonnasalized vowel : pattern 2
Female, nonnasalized vowel: patter n 3

Female, nasalized vowel: pattern 4
Two (Figure 17)

Ref. Pt. I:  This reference point exhibits a low energy portion
/—t/ at the beginning (the stop) followed by a high energy

part (the stop burst). Pattern 1 has a majority of
females and pattern 2 has a majority of males, with
pattern I exhibiting a higher frequency plosive
that is characteristic for females. (See ref. pt .
3 for “six.”)

Ref. Pt. 2t This reference point was from the transition
1w! region of the stop into the vowel. MI patterns had

a low to high energy t ransition. The primary differences
were on the basis of sex (value of F2).
Male patterns: 1, 4

j Female patterns: 2, 3
Ref. Pt. 3: The patterns for this reference point were

~~~~~ lu—I split on the basis of context between /us/ as
/ust in the 2-6 or 2-7 context or /uz/ as in the 2-0

context , and lu—I in the 2-silence context.
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Three (Figure 18)

Ref. Pt. 1: The author cannot account for all of the distinctions among
IOn patterns for this reference point; however , patterns 3

and 4 are certainly distinguished by their lack of a
sharp increase in energy and by the rapid decrease
in F2 . This is caused by the presence of the “rolled-r ”
or flap in patterns 3 and 4, whereas patterns 1 , 2 , and S
represent a single dental -to-palatal movement of
the tongue.

Ref. Pt. 2: Patterns for this re ference point are divided prim arily
/i- / by context , with the first two representing the / i — ~/
/is/ context and the last three , the /is/ or / iz/ context.

All energy profiles are generally decreasing.
!i_/ patterns: I . 2

Pattern I is a female pattern , having F2
pri marily in filter 13

Pa t tern  2 is a male pattern , having F2
primarily in filters I I  and 12

fs/ or u , ’ patterns: 3, 4, 5
These patterns are all characterize d by energy in the
top filters. Patter n 5 shows a characteristic of
sibila nts for some females , and is caused by the
sibila nt starting above the top filter , but being
aliased down due to the lack of sharp cutoff on
the anti-aliasing Iow.pass filter. j

Four I f igur e  l9)

Ref. Pt. I :  Ideally, either 4 or 5 patter ns should have been chosen
fbi for this patte in ; however, there was a limitation of 100

total scanning patterns and , since this refere nce point
was one of the last processed , only one averaged patter n
was used , resulting i n very little sharp formant
struc t ure in the vowel. In the 4 and 5 pattern case ,
however , a distinctio n was made on the basis of sex due to the
differing for mant location s during the vowel. In addition ,
the 4 and 5 patter n cases showed higher relative
amplitudes in the top filters , which became more “smeared”
when only one pattern was used.

Ref. Pt. 2: The characteristics of this reference point location
/on! are a fairly sharp decrease in energy , a decreasing

F 1, and a risi n g F2 merging with a falling F3. —

The problem that exists in locating this refe rence point
is that the falli ng F 1 does not always coincide with

‘the merger of F2 and F 1 depending largely on the
amount of lip rou nding betwee n the /o/ and the r / :  i.e.,
how much /u / , or even /w . is inserted. The patterns split .
however , largely on the basis of sex.

4 5
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FIgure 18. Scanning Patterns for “Three”
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Male pattern: 1

Female patterns: 2, 3
Pattern 2 shows the F3, F3 merger
preceding the F 1 drop , whereas pattern 3
shows them more coincident.

Five (Figure 20)
Ref. Pt. 1: Patterns for this reference point all show a

/fa/ sharply increasing energy profile from the low energy
/f/ to the vowel and a high c2 during the
fricative since the energy during that time is in the
top filters. No dialect variation is seen in the
reference patterns; however, the differences in
F 2 between /a! and /~~/ may accoun t for
the lack of a distinctive F2 . The primary division
was between males and females.

Male pattern: I
- 

— Female patterns: 2, 3

The distinction between patterns 2 and 3 is the
appearance of nasalization of the vowel. In addition
to the first nasal resonance in filter 1, also
typical of nasalization is a weakening and shift
up in frequency of F 5 (ref. FanO7 p. 237).

Ref . Pt. 2: The reasons for the pattern groupings in this case
/lv/ involves some speculation . All patterns , however,
/ Ev/ have a sharply decreasing energy profile

(since the output of filter 1, which predominates
during the /v/ , is excluded from the energy
calculation).

Male pattern: 2

This male pattern is for an /1/ type of lower
offglide (common in southern and southern
mountain area speech), yielding the fonnants
shown for this pattern.

Female pattern:
This female pattern is for an /çj type of lower
offglide , yielding the formants shown for this
pattern.

Mixture pattern : 3

- - 
It is proposed that the low F 5 is due to this

- - -paltcju -rep~á~enting the high offglides /1/ and lu
for both malès~ nd females.

51* (Figure 21)

Ref. Pt. I:  The classifications for this reference point are
-

~ - - /sI/ clearly on a male/female basis, which is consistent
wi th the formant locations for the vowels.
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Figure 21. Scannlng Patteffls for “Six”
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Male patterns: 1,4

Pattern 4 has a higher energy sililant and slightly
higher, more prominen t F3 than pattern 1.

Female patterns: 2, 3, 5
The distinction between patterns 2 and 3 is primarily
the higher energy in the sibilant for pattern 2.
Pattern 5, however, is a result of the sibilant
energy occurring above the top filter , but still
below the cutoff of the input low-pass filter
that aliases that energy down into filters 11—13.

Ref. Pt. 2: This pattern is characterized by a sharp energy drop
/ l—/ from the vowel to the stop. This division , as for

the prior reference point , was on the basis of sex.
Male patterns: 1 , 2

About the only distinction is the appearance of
some filter 1 energy for pattern 1, indicating

— more of a glottal stop.

Female patterns: 3, 4
Again, about the only distinction is the filter
I energy for pattern 3, presumably a more
glottal stop.

Ref. Pt. 3: The distinctions for this reference point are
/ks/ due to the higher plosive frequencies for females as

for ref. pt. I of “two.”
Male patterns: 1 , 3
Female patterns: 2, 4, 5 “ - I

Again, pattern 4 is distinctive because of the
filter-bank anomaly of aliasing high frequency
sibilants down into filters 12 and 13.

Seven (Figure 22)

Ref . Pt. I:  Although there is some dialectic difference in perception
of the vowel at this reference point between /~~/ and
/~/ , no differences can be discerned because of the
closeness in F5 /F2 /F3 space of these vowels. The
male/female distinction here is very clear however.
Male patterns: 1, 4

Two distinctions exist. One is the stronger F3
for pattern 4; the other is the apparent earlier
time registration of pattern I.

Female patterns: 2, 3, 5

The differences among these patterns are
the wash-out of F , for pattern 2 and
the sililant aliasing in pattern 3, although
not so striking as for ref . pt. I and 3 for

— - - - 
- 

“six.”
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Figure 22. ScannIng Patterns for “Seven”
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Ref . Pt. 2: This reference point exhibits a sharply decreasing
energy profile. The reference patterns were
grouped on the basis of vowel formant frequency locations
(i.e. . sex) and on the basis of the amount of
mouth closure for the labio-dental /v/ (i.e., the more
closure , the lower F 5) . Note also a reasonably
stro ng F2 duri ng the labio-denta l. Again , since
/E/ and /~ I are close vowels , no dialect distinction
was made.

Mal e patterns: 1, 4

The di fference between I and 4 is the low F, during
the /v / in pattern I .  Since F 5 is in filter
I (not included in the energy calculation), the energy
for pattern I during the /v/ is lower tha n for
pattern 4.

Female patterns: 2, 3

a Although not as distinct as for the males,
one difference between patterns 2 and 3 is the location
of F 1 during the fyI . More of a distinction ,
however , is given by the F3 during the vowel
in pattern 3, which does not exist for pattern 2.

Ref. Pt. 3: The major division between patterns for this reference point
was betwee n nasalized and nonnasalized vowels, the same
distinctio n that was made for the “nine” scanning patterns.
Whereas for all other patterns , the scanning error for
each refere nce point was always chosen to be the
minimu m for each time sample , in the cases of patterns
containi ng nasals in “seven ” and “nine ,” two
minimas are tracked: one for nasalized vowel patterns
and one for nonnasa lized vowel patterns.

Nonnasalized vowel:

Male pattern: 2
Female patterns: 1 , 4 , 5

Differences among patterns are
presence of F3 for pattern I , and
lack of F 5 and flatter energy profile
for pattern 5.

Mixture patter n: 3

Although most nasals have an F ,
in filter I , all do not, accounting for this
patter n. Howeve r , th e fairly equal mixture of
males and females smears the forniant structure
of the vowels.

Nasalized .~‘weI: Because of the energy in filter I during
the vowel , note the fla tter energy profiles than for the
above pa tt erns.
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Male pattern: 2

Note the presence of the F2 during the nasal
in filter 12. Although this Is supposed to be
present during nasals according to Fant”
only this pattern and pattern 3 of the nonnasallzed
vowel patterns show this.

Mixture pattern: I

The strong F, in filter 1 during the vowel is
present, but again, since this is a fairly equal
mix of males and females the other formants during
the vowel are smeared.

Eight (Figure 23)
Ref. Pt. 1: A sharply increasing energy profile is evident

/—e/ for all of these patterns.

/se/ /se/ pattern : I

This pattern represents the “six-eight ”
transition

I—el male pattern: 3
/—e/ female pattern 4

Mixture pattern: 2

This pattern is a mix of /—e / and /se/, both
male and female patterns not close enough to
patterns 1, 3, or 4 to be included with them.

Ref. Pt. 2: All of these patterns have a sharply decreasing energy
/et! profile. In retrospect , too many patterns were chosen

for this reference point. The two male patterns (1 and 3)
are very similar and the only differences in the two
female patterns (2 and 4) are in the higher F 5 in
pattern 4 and a slight time registration difference. A
mixture pattern (5) also exists, having a smeared F2
due to the mixture of male and female F2 .

Nine (Figure 24)
Ref Pt. I: This reference point seems to show a distinctively

/na/ regional flavor, since F 2 for all the vowels is in
range for /~~/ rather than /a/ . The nasalized,
nonnasalized vowel distinction is made for both
reference points of “nine”, just as for ref. pt. 3
for “seven”.

- Nonnasalized vowel:

Male patterns: 2, 3’--
Pattern 2 has a higher C2 during the vowel
than pattern 3.

Female pattern: I

Mixture pattern: 4
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4 FIgure 23. ScannIng Patterns for “Eight”
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FIgure 24. ScannIng Patterns for “Nise”
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Nasalized vowel:

Male pattern: I
Female pattern: 2

Ref. Pt. 2: Again, the nasalizedlnon-nasalized distinction is made

Nonnasalized patterns: F , is not distinct for either
of these two patterns , probably due to the mixture of

— offglides present (
~~ 
,C , I), all of which have

very close F2 and F 3 locations, but have different
F , locations.

Male pattern: I

Female patter n : 2

Nasalized patterns:

Male pattern: I

Female pattern: 2

‘ 5 .  
D. REFERENCE RECOGNITION PATTERNS

Generally, the reasons for the class distinctions for recognition patterns are

Format location differences (due to sex)

Lack of sibilant energy or aliasing of sibilant energy into lower filters for females

Vowel nasalization

Dialect diffe rences

Presence or absence of the third formant (F3) for males during certain vowels.
A brief discussion of the patt ern classes for each of the digits foll ows. The number of male and
female contributors to each of the reference patterns is noted below each pattern.

Zero (Figure 25) Male patterns 1, 2

/zlro/

The only distinctive difference between these two
patter ns is the formant locations for the firs t
vowel . Pattern I is closer to h I  and pattern 2
is more representative of / 1/.

Female patterns: 3—7

Patterns 3 and 7 have missing sibilant energy,
although pattern 3 still retained c2 duri ng the
sibilant. Only pattern 5 seems to exhibit much
lip rounding at the end as evidenced by the filter
I energy.

One (Figure 26) Male patterns: I , 3

/wM/

The difference between these two patterns
is the vowel nasalization in pattern 3 and
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— —  Figure 25. RecognItion Patterns for “Zero”
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222259

Figure 26. Recognition Patten~s for “One”
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the F , present for pattern 1 in filter 4 durIng the
vowel. ‘

Female patterns: 2, 4

The same differences exist as for the male
patterns. Pattern 2 has the nasalized vowel
and pattern 4 has some F, in filter 4.

Two (Figure 27): This pattern caused a great deal of consternation
/tu/ due to the location of F2 . Note that F2 in all

patterns drops somewhat from the beginning to the end
of the vowel , from filter 10 to filter 9 for males and
fr om filter 10 and 11 to filter 9 for females. This F2
range is consistent with the design data energy peaks for
F 2 for j ul, used in determining quantiza tion thresholds,
shown in Table 3, Section II . Note in this table, however,
the disagreement with the Peterson—Barney 9 location
for F2 for J u l. It is proposed that the
Peterson-Barney values are atypical and probably due to
excessive coaching of their 76 subjects to produce
“good” vowels, resulting in articulatory gestures that
were exaggerated . Two such gestures that speakers can
easily control are the degree of lip rounding and the
location of the tongue . The point of tongue
constriction is in the range of 8 to 12 cm from the glottis.
Referring to Figure 28 (from Fant ’ 7) ,  this is the
region of greatest variability of F2, where curves 1 to S
represent an increasing amount of lip rounding (1, is
the length of the lip opening and A, is the
cross-sectional area). Greater lip rounding and more
retracted tongue constriction produce lower F2.
Male Patterns: 1, 2

The primary differences between these two patterns
are in the location of F, at the beginning of
the vowel and in the plosive energy and accompanying
differences in c2.

Female Patterns: 3, 4

The differences in these two patterns are due to
more F 5 and F 2 movement m pattern 3, possibly
indicative of more /Iu/ for the vowel , a dialectic
variant more frequent in Texas.

Three (Figure 29): Male Patterns: 1, 3, 5

jOri / Patte rn 3 shows the effect of a trill , or rolled
In by the dip in F2 . Pattern 5 has a higher
F2 due to the higher percentage of females
in that cluster.

Female patterns: 2, 4, 6

The differences in these patterns are
mi nor. Pattern 2 does not have the c2

- 
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222260

FIgure 27. RecognitIon Patterns for “Two”
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FIgure 29. RecognItion Patterns for “Three”
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- - • . walu~. ~ aring -the /ri / transition that the

~
- - - - - other two.hav’è. Pattern 4 has more of a

steady state It ! than the other two patterns.
Four (Figure 30) In retrospect , it is felt that too many reference

/for/ patterns were chosen for the recognition pattern for
“four,” since these patterns do not show the sharp
distinctions evidenced in other digits. Even though
reasonably good separation was made on the basis of
sex, the expected dialect variations did not appear.
Male Patterns: I , 5

The small differences here are due to a slightly
higher F , and more evidence of the rising
F2 in patt ern 5.

Female Patterns: 3, 4, 6, 7
Noticeably lacking is any good formant
structure except for the F, in patterns
6 and 7. The only other difference is in
the c2 value during the vowel.

Mixture pattern: 2

Missing in this pattern is the energy around
filter 10 suggesting more of a /fowl than /fon/ .

Five (Figure 31) Male patterns: 1, 5, 6
/fa tv/ A dialect variation is very evident

in these patterns, with patterns I and 5
having the diphthong and pattern 6 having
only an /~~/ . Patterns I and 5 are very
similar with F , of pattern S’s vowel
being higher.

Female patterns: 2, 3, 4
Pattern 2 in this grouping has the /~~~I

without the diphthong. Pattern 3 differs
from 4 by the filter I energy and the
c2 value during the vowel.

Six (Figure 32): Male Patterns: 1, 3
/slks/ Pattern 3 exhibits a more positive

spect ral til t than pattern I as shown
by the stronger F3 and c2 and
weaker F,. Otherwise very similar.

Female patterns: 2, 4, 5

Primary differences in these patterns is
due to sibilants. Pattern 2 has good initial
and final sibilants; Pattern 4 has poor
initial , but good final ones; Pattern 5
has poor sibilant representations in both
positions. Again, this is a problem Inherent
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FIgure 31. ReCOgnitIOn Patterns for ‘Flve”
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Figure 32. Recognition Patterns for ‘Six”
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in the filters due to the low sample ra te.
One fInal difference is the steadier F2
during the ui in pattern 4.

Seven (Figure 33) Male patterns : 1, 6
/s~van/ The difference in these two patterns is attributed

to the disappearance of the unstressed vowel /5/

in pattern 6.
Female patterns: 2, 3, 4, S

Pattern 2 shows the reduced energy sibilant
discussed previously for “zero” and “six.”
Pattern 3 shows the effect of the disappearance
of the unstressed vowel /a/ . Patte rn 5
has a strong third formant present (and
accompanying c2) during the tE/ .

Eight (Figure 34) The formant movements for this digit
Iet / show the actual pronunciation as /e’t/ .

Male patterns: 1, 3

The F3 (and accompanying c2) during
the /e/ in pattern 3 is the primary difference
between patterns I and 3.

Female patterns: 2, 4
Time registration and the beginning F2 location
differentiate patterns 2 and 4. Since there also
appears to be a time difference between I and 3,
this is attributed to a dialet slowness in some
Texas speakers in starting the diphthong movement.

Nine (Figure 35) Male patterns: 3, 4, S

/na1n/ Dialect differences appear for these patterns with
patterns 3 and 4 showing the diphthong rather than
just the vowel /z I shown in pattern 5. Additional
differences are the F3 in patterns 3 and S and
the vowel nasalization (energy in filter 1) in
pattern 4.

Female patterns: I , 6

Dialect differences also appear for these patterns with
pat tern I showing the diphthong and pattern 6 the
vowel /~ / .  An addition al difference is in the amount
of nasalization during the vowel.

Mixture pattern: 2
The feature distinguishing this pattern
from male pattern 5 and female pattern 6 is the
strength of F 5 and consequent lower value
of c2 during the vowel.
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FIgure 34. ReCOgnitiOn Patterns for “Eight”
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Figure 35. RecognitIon Patterns for “Nine”
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SECTION V
SEQUENCE RECOGNITION TESTS

This section describes the sequence recognition testing done using a slightly modified
version of the TVBISS program. The data base used for this program was one session of 10
six-digit sequences from each of the 106 speakers in the test data set described in Section III.
These data were filtered , preprocessed, and stored in digital form on disk to provide a precisely
replicatable data set. The evaluation program (TVEVAL) contained the same code as TVBISS
except input data was from disk rather than being real-time data, no verification or enrollment
was done, and the six-digit sequence found was compared to the known correct sequence. In
addi tion, several types of data were saved on disk for each input sequence to allow subsequent
compiling of digit recognition statistics and cumulative distribution plots for various parameters.
An example of such a plot appears in Figure 40 showing the percentage of all digit “0”s having a
total normalized error (NE) less than or equal to the value of the abscissa.

A. PARAMETER TESTING

The thresholds and parameters that are adjustable are enumerated below. The function of
each of these parameters is explained in more detail in the section on speech processing.

Reference point location parameters
Peak-to-valley ratio (PVR)

Maximum valley point error

OPTSEQ (valley point sequencing) parameters

dt limits: dt~~~~, dtmin
Expected dt :  2t

Minimum expected dt (used to determine at for the denominator in the
point-pair error calculation): dt° = max (at, dt~~)

Time deviation weighting =

Floor of valley point error: OFFSET

Hypothesized digit parameters

Minimum average energy across recognition pattern (EN~~ )
Weighting of sequence error (SQ) contribution to total normalized error for

digit k: Wk
Normalizers to account for expected recognition error for digit k (TE’)

Maximum allowable total normalized error for digit k (NEk)
Six-digit sequence parameters

Syntactic constraints

Maximum interdigit times (time between firs t reference point of one word and
last reference point of prior word)S 

S
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Maximum subsequence error thresholds

Maximum sequence error.

A total of 45 evaluation runs were made using TVEVAL. The results and conditions for
each of the evaluations runs from 5 on are given in Table 10. The starting baseline for run 5 is
shown in Figure 36. The goals were to decrease running time, reduce the total error rate
(rejection and substitution) to less than 2 percent , and to minimize the portion of error rate due
to substitutions. Minimizing the portion of error rate due to substitutions is effected by moving
the percent rejected curve left relative to the percent substituted curve in Figure 36.

In addition to varying parameters and thresholds, the early evaluation runs were used to
determine the value of using multiple reference patterns. Run S used single reference recognition
patterns and multiple reference scanning patterns. Runs 6 and 7 split the reference recognition
patterns into several patterns that were the cluster averages for each digi t , rather than having
only one pattern for each digit. This resulted in lowering the recognition error (TE) and , hence,
the total normalized error (NE) for each digit and the total sequence error (ENE). This shifted
the percent rejected versus total sequence error curve to the left , as shown by comparin g Figure
36 and Figure 37. Note that the percent substitution curve also moved to the left , but far less
than the percent rejected curve.

Runs 9 and 10 split the reference scanning patterns for vowel-nasal and nasa1-~owel
transitions in “seven” and “nine ” into two separate groups. Since the scanning error (e1) is the
minimum of the distance between the input data and e’~ch of the reference scanning patterns for
reference point i, only one e1 resulted previously. This change produced two e1s for each of these
three transitions, one group for nasalized vowels and one group for non-nasalized vowels. Figure
38 shows the results for evaluation 10 , which uses split scanni ng patterns for both of these
digits. Since several substitutions were changed into acceptances (see Table 10), the percent —. -

substitution curve moved right and the percent rejected curve moved to the left.

No further changes in either reference scanning or recognition patterns were n~=de after
run 10.

1. Peak-to-Valley Ratio (PVR)

Evaluation runs 20 through 24 maintained all variables except the peak-to-valley ratio
(PVR) fixed. The PVR (discussed more thoroughly on pages 20 through 31 of Speaker
Verification I~, where PVR = 2) is the ratio of the scanning error following a potential valley
point to the error at that valley point necessary in order to establish the existence of the valley
point. Some comments follow.

Lower PVRs produce more valley points, increasing processing time and decreasing
the error rate for missed reference points. Specifically, some n umbers
generated from a I 20-word data set said in an isolated manner from a single
speaker fol low:

PVR No. of Valley Pta Percent Missed

2.0 360,220 3.12
1.5 668,526 2.58
1.25 927 ,832 0.54
1.125 1,124,668 0
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TASLE 10. SYNOPSIS OF EVALUATION RESULIS

No.of
Run No. Errous Remarks (dunjss from pesviovs run)

5 26 BaselIne: Sln~e Ref. Recog. Patti; Multiple Ref. Scn. Patti.
Mm Energy—250; Msx NE — 500; It ’s from SV 111
Max SQ 2 .000(3 zef. pta.) or l ,000Qref. pti.) -

- PVR44.25 ;Max ValleyPolnt Error 2,000
Max Interdigit Times: 40,40, 100.40,40
TE Normallzar, - I;
Max Seq. Error — 600

6 22 Multiple Ref. Recog. Patti. for 2,5, 6,7,8,9
7 23 MultIple Ref. Recog. Patti. forall digits
8 22 Mm Energy 200; dt’s from design data
9 15 Nasalized/Nonnasalized son. patt i. split apart for 9

10 12 Nasalized/Nonnssalized scn. patti. split apart for 7
11 16 Max NE I3I
12 15 Nonsymmetrical ~ used in SQ calculation (Run 12 only )
13 17 NE calculation modifica tion
14 17 It normalizers from Sowce 2
15 18 Max N E and SQ digit dependent
16 21 Subsequence th resholds added (190, 260, 320. 395)
17 21 NE — It (I.e., SQ — 0)(Run 17 only)

a. 18 60 NE SQ(l.e.,TE O)(Run l8 onIy)
19 21 Max Valley Point Error 7SO
20 21 Reduced mr~x dt’s
21 14 PVR — 1.15
22 56 PVR—l .35
23 10 PVR — 1.10
24 8 PVR= 1.O S
25 2 Subsequence thresholds (190, 290.405,475)

Max Interdigit Times: 40, 40, 113 , 46 , 45
26 0 Tweaking changes
27 6 No. forbidden transitions (R un 27 only)
28 25 Max Interdigit Tunes: 30, 30. 60, 30.30
29 21 Max Valley Point Error — 6 15

Max Interdigit Times: 25. 25, 80, 25 .25
Subsequence Thresholds (178,290, 405,475)
Max Seq. Error — 540

30 23 PVR — 1.15; Max Interdigit Times: 30. 30,80, 30. 30; Subsequence Thresholds (178, 260, 320, 395)
31 15 PVR 1.10; Max Interdigit Times: 30. 30, 80.40,40
32 12 Subsequence Thresholds (178 , 290.405,475) - -

33 14 Point-Pair Error between RP #1 and RP #3 added
34 17 It Normalize rs from Source 3
35 17 EN/NE Threshold added
36 15 No dtanges
37 15 No changes
38 75 Max Valley Point Error -2 ,000; Max Seq. Error • 1.000

Single Ref. Patterns for Scn. and Recog. (Run 38 only)
39 52 0.2 percent NE Thresholds (0.1 percent f or 6 and 7)

Max Valley Point Error = 850
Max Interdigit Times = 30, 30, 60, 30, 30
PVR — 1.2

40 40 PVR = 1.I
41 10 Max In terdigit Times -40 , 40, 113 ,46, 45
42 39 Max Valley Pclnt Error 6lS;

Max lnteidigit Times 30, 30, 60, 30, 30
43 46 Longer digits with higher error h aving same first relerence point ar same

shorter digit eliminated
44 46 Detection of the location of the speech added to Evaluation Program
45 16 TVBISS Final Parameteis :

Multiple Ref. Patti; M m .  Energy - 150; 0.1 percent NE Thresholds
PVR — 1.1; Max Valley Point Error —615
Max interdigit Times: 40,40, 80,40, 40
EN/NE Threshold removed

No. of ngects + no. of substitutions at max. allowable sequence error. (600 for Runs 5—28 ;
540 for Runs 29— 37 . 39-45;
1,000 for Run 3S)

_ _ _ _ _ _
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Using multiple reference scanning patterns necessitates using a lower PVR, since
multiple dips in epp 1 are more likely to occur in the scanning error functions,
i.e.,

H 

-

Reference point 2 would always be found , but point 1 will only be found
a. with a small PVR.

Since valley point errors generally are not as low in speaker independent work , a
smaller PVR is needed than for speaker dependent recognition.

Examples of PRVs used on various programs:
PVR Application

1.15 SVIU—Total voice speaker verification 1, Scans every other
1.30 SVIII—Password detection j  time sample
1.25 Speaker Independent word recognition )

‘~ Internal programs1.30 Speaker dependen t word recognition j
1.50 CIC and BISS speaker verification (speaker dependent)
1.10 TVBISS

The results of runs 20 through 24 are summarized in Figure 39 which plots percent
sequeuce substitution versus percent sequence rejection for several values of PVR.

2. Maximum Valley Point Error

initially, the maximum valley point error was set to 2000, for all runs until run 19, at
which time it was reduced to 750 with no new errors. For run 29 and subsequent runs, the
maximum valley point error was further reduced to 615. Samples from other applications follow:

No. of Elements
Maximum VPE Per Vector Application

~~~~~~ 200 51 , 3-bit elements SVLII—Password detection and digit recognition
(speaker independent)

1,200 85, 3-bit elements and Speaker independen t and dependent word
68, 4-bit elements recognition

615 85, 3-bIt elements and TVBISS
68, 4-bit elements

- ~~~~~~~~~~~~~~~~~~~~
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3. dt Umlts and Expected Values

Significant parameters in digit hypothesizing are the time restrictions for fitting reference
points together in a sequence. The training data was intentionally chosen to illustra te short digits
(digit position 1 with a following connected digit) and k,ng digits (digit position 3, with no
following connected digit). All digits except “seven” showed a definite bimodal distribution of
distances between reference points. Therefore, for each of’ those nine digits, two sets of timing
restrictions were supplied : one set defining short digits, and the other defining long digits. The
timing restrictions are shown in Table 11.

TABLE 11. TIMING RESTRICTIONS FOR DIGIT HYPOTHESIS GENERATION
Distance Between Dlsta~ce BetweenRef.Pt. land Ref. Pt. 2 Ref. Pt.2and Ref. Pt. 3

Digit Expected Minimum Maximum Expected Minimum Maximum
0 Short 16 2 28 12 2 14-

Long 19 2 30 21 15 38
a. 

1 Short 11 4 16
Long 21 17 40

2 Short 6 2 16 17 4 23
Long 8 2 18 29 24 50

3 Short 18 6 24
Long 32 25 56

4 Short 16 6 20
Long 27 21 38

5 Short 20 4 27
Long 32 28 50

6 Short 8 2 10 7 2 20
Long 14 11 30 10 2 20

7 12 4 24 11 4 28
8 Short 16 6 19

Long 23 20 40
9 Short 20 8 23

Long 29 24 52

Evaluation runs 1 through 7 used the cit values from the Speaker Verification Ill’ study.
Evaluation runs 8 and up used the dt values from Table 11. Changing dt had little effect ,
however, on performance.

The parameter for the “minimum expected dt” was set below all of the expected values of
dt in Table I I  for all evaluation runs. Hence, dt° ~t.
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4. Time Deviation Weighting (~3)

No variation in the value of b = 2 was attempted. , For run 12 only, the equation using ~3

was modified to more lightly weight deviations for dt <dt , but with an insignificant decrease in

error rate and with a 40-percent increase in running time. It should be noted that the equation

for the point pair error in TVBISS squares the deviation from the expected dt , rather than using

just the magnitude of the deviation as was done for Speaker Verification III. This does not

penalize small variations as much, but penalizes large variations more.

5. floor of the Valley Point Error (OFFSET)

OFFSET = 100 for all evaluation runs.

6. MInimum Average Energy Across Recognition Pattern (ENmin)

ENmin = 250 through run 7; ENmin = 200 for runs 8 to 44, and ENmin = 150 for the

fInal run.
a.

7. Relative Weighting of Sequence Error (SQ) and Recognition Error (TE)

The weighting constant , Wk ,  was set to 1 for all evaluation runs except 17 and 18. For

evaluation run 17 , the total normalized error (NEk) was set equal to the normalized recognition

error and for run 17 , NEk was set equal to the normalized sequence error. Error curves for run

17 were marginally worse than for wk = 1. Error curves for run 18 were much worse than for

Wk = 1. No other values were tried ; hence, wk = I in the final set of parameters.

8. Recognition Error (TE) Normalization

The normalizing constants are calculated from the expected values of TEk as follows:

10 (TEk ft~o. columns in k)
normalizing constantk = 9

I no. columns in 1)

~~~~~~~~~~ Values for these normalizing constants are given in Table 12 using three different sources of

data:
1. E~ + E5 + Ea from Table 20 of the Speaker Verification 111 report 7

2. Values of i~ for the number of reference patterns chosen for each digit (see Section
IV, Clustering) from the design data

3. Values of TE for each of the digits in correctly recognized sequences in the test data

set.
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The values of the normalizing constants used during the evaluation runs are as follows:

Evaluation
Run Numbers IF Normalizers

l t o I2 A ll1 .0
13 to 33 Source 2 (IFs from clustering)

34 and 45 Source 3 (TEa from evaluation data set)

TABLE 12. TE NORM ALIZING CONSTANTS Runs 11 and 13 were identical except for
the TE normalizers . No significant differenceDigit Source 1 Source 2 Source 3 was seen between runs. Similarly, runs 33

0 1.039 1.022 0.998 and 34 were identical except for the TE
— 1 1.170 1.089 1.225 normalizers. Again, no significant difference

2 0.708 0.837 0.878 was seen on six-digit sequence recognition ,
3 1 085 1 016 102 1 a l t h o u g h  the  percen t  correct  digit

— 

4 ‘~853 
recognit ion (independent of syntactic

. 0.719 0.68 1 constraints) improved from 89.4 to 91.7a. 5 1.182 1.292 1.195 percent6 0.705 0.870 0.788
7 1.052 0.945 0.977 9. Sequence Error (SQ) Thresholds
8 1.007 1.133 1.008
9 1.200 1.076 1.229 These thresholds ar~ applied to the

sum of the point-pair errors of sequences in
order to limit the number of hypothesi zed digits. These values were determined directly from the
test data and were set large enough so that all digi ts in correctly recognized digit sequences had
sequence errors less than these thresholds, which follow.

Digit 0 1 2 3 4 5 6 7 8 9

SQ threshold 630 350 650 300 300 350 630 600 300 260

10. Total Normalized Error Thresholds

These thresholds are applied to hypothesized digits in order to limit the number of entries
in the table of hypothesized digits. The thresholds on NE were determined from cumulative
distribution plots such as that shown in Figure 40, which is a plot of the percentage of that digit
in correctly recognized sequences [from the eval uation run (34) after TE normalizers were last
changed I whose NE is less than the abscissa value. Note that this line is quite linear on the
semi-log plot. Hence, although these lines are based on the test data , they would hold more
generally. The values of NE at the 0.2- and 0.1-percent points for all digits are as follows:

Digit 0 1 2 3 4 5 6 7 8 9

O.2 percent 118 91 114 103 108 106 102 102 101 106
0.lpercent 128 97 123 110 116 113 110 109 107 114

Several evaluation runs used the 0.2-percent thresholds; however , higher normalized errors for
some females required increasing these thresholds to the 0.1-percent values.
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Figure 40. DeterminatIon for “Zero”
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11. Syntactic Constraints

This topic is discussed in Section 11.

12. Maximum Interdigit Times

Whereas, several previous thresholds were imposed in order to limit the number of entries
in the table of hypothesized digits, both the maximum interdigit times and the maximum
subsequence errors discussed next were imposed in order to limit the search time through the
table. Si:. : e subjects are instructed to leave a short pause in the middle of the sequence, the
following values are recommended:

Thnes (caec.) 30 30 60 30 30
Between digits 1,2 2,3 3,4 4,5 5,6

For demonstration purposes, times of 40, 40, 80, 40 and 40 are recommended to accommodate
uninitiated users. During collection of the data used in the evaluation data base, values of 40, 40,
100, 40 and 40 were used, producing some errors during evaluation runs when shorter times

- were used.

13. Maximum Subsequence Errors

These error thresholds were selected from the test data using linear fits to the cumulative
distribution curves as was done in selecting the NE thresholds. The subsequence thresholds used
were at the 0.1-percent levels. Also listed below are the thresholds needed to acconunodate the
test data set. Note that since the searching is done from last digi t to first , the subsequence N -

thresholds apply from the sixth digit.

Digits 5—6 4—6 3—6 2—6
0.1-percent thresholds 190 260 320 395
Test date thresholds 178 290 405 475

14. Maximum Sequence Error Threshold

After the sequence with the minimum error is found , if one exists (which could actually
be either the correct sequence or an incorrect one), the sequence error is compared to the
maximum sequence error threshold. If it is below this threshold, it is accepted; otherwise, it is
rejected. Figure 41 describes this decision . Notice the tradeoff between rejections and substitu-
tions as the maximum sequence error threshold is shifted. This is also shown in Figure 42.
Although the total error (substitutions + rejections) should be kept as low as possible, since this
digit recognition is the front-end for a Speaker Verification system, it is preferable to have the
bul k of the error be rejections, having the system prompt the user to repeat the sequence rather
than to attempt a verification on an incorrect number as would be done on a substitution error.
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Figure 41. Sequence Error Threshold

A problem exists, however , in that females have higher NEs and , hence, higher total
sequence errors, as seen by comparing reje ct rates in Figures 43 and 44 for sequence error
thresholds between 200 and 350. At higher thresholds (~ 400), these curves become very much a
function of the particular errors of a few problem speakers. For example, one male speaker had
seven of the eight highest sequence errors, causing the shift right of the male curve around 400.
Generally, a sequence error threshold set to yield low substitutions on Figure 42 will, on the
average, yield a higher rejection rate for females. Specific females have even higher NEs and
sequence errors that yield still higher rejection rates. Hence, instead of the threshold in the 400
to 420 range suggested by Figure 39, this threshold was set at 480.

B. SEQUENCE RECOGNITION TESTS

Two sets of recognition tests were done using all of the final parameters described in the
previous section. The first test was using 1’VEVAL on the test data base of 1060 sequences from
106 speakers (100 of the 320 sequences were in this data base). Figures 42 through 44 were, in
fact, results of this final evaluation run , which had 16 errors (1.5 percent): 11 rejections (1.0
percent) and 5 substitutions (0.5 percent).

Table 13 details the reasons for the correct sequences not being found for these 16 cases.
Note that 9 of these 16 errors are due to too much time between digits, which is actually a
speaker indoctrination problem rather than a program problem. The notations in parentheses on
many of these sequences refer to the fact that the “end-of-speech” is assumed after the energy
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TABLE 13. REASONS FOR TVEVAL SEQUENCE RECOGNITION ERRORS

Sequence
Number Reason fe. Error

65 88 cs between dIgits 3 and 4
222 Error on second digit (ONE) 126 > threshold (97)
260 ~~ Cs between dIgits 5 and 6
465 95 cs between digits 3 and 4 (97 Cs below energy threshold)
467 93 cs between dIgits 3 and 4 (96 Cs below energy threshold)
425 42 cs between dIgits 2 and 3
566 Error on first digit (EIGHT) = 107 = threshold (107)
687 Error on first digit (THREE) = 112 > threshold (110)
698 Missed VP I on third digit (error too high)
796 Missed VP 3 on fourth digit (error too high)
809 SubstItution : total sequence error = 36&for wrong sequence versus 380 for correct sequence
861 95 Cs between digIts 3 and 4 (94 Cs below energy threshold)
890 Missed correct VP 2 on fifth digit (error too high)
895 93 cs between digits 3 and 4 (97 cs below energy threshold)
976 112 cs between digits 3 and 4 (105 cs below energy threshold)
978 99 Cs between digits 3 and 4 (96 Cs below energy threshold)

TABLE 14. 320-SEQUENCE RECOGNITION RESULTS

Botched Missed
Sequences (I~ject) Substitution Correct

GD’ 0 3 (0.9%) 6 (1.9%) 311 (97.2%)
CWC’ 0 0 1 (0 3%) 319 (99.7%)
BS’ 2 3 (0.9%) 5 (1.6%) 310 (97.5%)
GH’ 6 4 (1.3%) 3 (0.9%) 307 (97.8%)
GL’ 1 1 (03%) 2 (0.6%) 316 (99.1%)
CC 4 33 (10.4%) 2 (0.6%) 281 (88.9%)
FB 3 34 (10.7%) 28 (8.8%) 255 (80.4%)
FG 0 . 0 7 (2.2%) 313 (97.8%)
LD 1 100 (3 1.3%) 42 (13.2%) 177 (55.5%)
LC 8 23 (7.4%) 16 (5.1%) 273 (87.5%)
811’ 1 0 2 (1.0%) 192 (99.0%)

(only 195 seq.)
TOTAL 26 (0.8%) 201 (6.0%) 114 (3.4%) 3,054 (90.6%)

Sp.ech reaesrcher.

I.,.l has been below a threshold longer than a specified number of centiseconds. The specified
length of time has always been set to 10 Cs more than the maximum interdigit time (80 Cs) and
‘he threshold is a fraction ( 1/ 10) of the maximum energy during the utterance.

The second recognition tests were run from analog tape directly into the digital filters
sing the final TVBISS program. The data were 320 six-digit sequences from 10 subjects and 195
sequences from I subject. These results appear in Table 14.

_ _  _
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The reasons for the disparities in these test results need further investigation. However ,some of the suspected reasons are listed below.
I. The data from the speakers in the TVEVAL data set were extracted from near the

middle of data from the speaker verification data base that was collected over a
3-month period. Hence, although these speakers were not speech researchers, they
were used to speaking into a microphone. In addition , these data were collected
on-line with an older version of the total-voice program , allowing the speakers to
have adapted somewhat to knowing how to say the sequences to have them
recognized. Note that on the 320-sequence data set , the speech researchers had quite
good performance.

2. The environment in which the data were collected was different. The TVEVAL data
set was collected inside a speech booth , whereas the 320-sequence data set was
collected in a computer room environment with background line-printers, card
readers, fans, talki ng, et c. In addition , the TVEVAL data was edited so that only
the 6-digit utterance and the 20 to 30 cs preceding and following the utterance was
included , which was not the cast’ with the other data.

3~ Although parameter selection was either based upon the design data , or was
extracted from the test data in hopefully a general manner (such as in the deter-
mination of the NE thresholds), some tuning to the test data is undoubtedly
present , which would yield better results on the TVEVAL data base than on the
320-sequence data base.

C. INVESTIGATION OF POOR RECOGNITION PERFORMANCE
FROM ONE MALE SPEAKER

One of the speakers (GF) in the TVEVAL test data set was investigated in more detail.
l’his investigation was prompted by high total - sequence errors for this particular subject.
Specifically, out of 1060 total sequences, seven of the eight of the total sequence errors that
were greater than 400 belonged to GF. Investigation of the spectral output of the speaker’s voice
showed two distinguishing characteristics that were not present in the reference recognition
patterns. One characteristic was a higher pitch , coupled with a high energy second harmonic ,
which was especially noticeable during nasals. The particular center frequencies chosen for the
digital filters cause almost all energy from the second harmonic of the pitch to occur in filter I
(center frequency ~ 285 Hz) for practically all male speakers. GF’s pitch , however , in the nasal
in the “seven” shown in Figures 45 and 46 is on the order of 200 Hz, which puts most of the
second harmonic’s high energy in filter 2 (center frequency 400 Hz) and less first or second
harmonic energy in filter I .  This is apparent in the spectral representations in Figure 47 , which
shows the input recognition pattern , the closest reference recognition pattern , and the absol ut e
difference recognition pattern.

The second difference appears in the value of the regression coefficient c2 especially
during the vowels. An example of this is shown in Figure 48, showing recognition patterns for
the digi t “five.” The c2 regression coefficient indicates how rapidly speech energy falls with
increasing frequency (how much spectral rolloff) . During voiced sounds , the spectral slope is
affected by the shape of the glottal driving pulse.’ The normal 6-dB/octave rol loff of the

‘The relationshi p of glottal pulse shape to frequency response is discussed full y in Section 6.241 of Flanagan .”
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Figure 45. Time Waveform for “Seven” From Sequence “152374” for GF
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Figure 46. Spectro~ am for “Seven” From Sequence “152374” for GF

freq uency spectru m is due to the combination I 2-dB/octave rolloff due to the glottal pulse and6-dB/octave preemphasis due to radiat ion. Thus, a 6-dB/octave preemphasis on the input to a
spectrum analyzer should serve to merely flatten the spectrum. Figure 49 shows a sample of thesubject ’s speech with no preemphasis. and Figure 50 shows a sample with preemphasis. It appearsthat the subject ’s glottal pulse has less than a I 2-dB/octave rolloff , resulting in a larger c2regression coefficient. While listening to the analog recordings, it was noticed that this speaker I -

used a higher than normal effort in speaking. Subsequent spectrograms made using another(female) subject with thre e different levels of effort are shown in Figures 51 , 52 , and 53. These
spectrograms show the same effect on the spectral shaping with increased effort as that shownwith the original subject. This increased spectral level of the formants with increased intensity oreffort is explained more fully in Section 2.3 of Fant . ’1 The conclusion , then , is that this secondproblem can be avoided by proper indoc t r ination of subjec ts with respect to proper speecheffort.
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FIgure 49. Spectro~ am of “035” From GF’s Data (Wftbout Preetnphagls)
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— Figure 50. Spectrogram of “035” From CF’s Data (With Preemphasis)
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Figure 51. Spectrogram of “My Bionic Memory” With High Speech Effort (With Pieemphais)
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FIgure 52. Spectrogram of “My Bionic Memory” With Moderate Speech Effort (With Preemphasls)
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Figure 53. Spectrogram of “My Bionic Memory ” With Low Speech Effort (With Pieemphasis)
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SECTION VI

SPEAKER VERIFICATION

Although the primary emphasis during this contract was on the digit sequence recognition
front-end to the speaker verification program , the delivered program included a speaker
verification component as described in this section. The same input data used in the
speaker-independent fashion for the sequence recognition is used for verifying the speaker’s
daimed identity .

A. PROCEDURE FOR SPEAKER VERIFICATION

The speaker verification assumes a prior enrollment of each speaker on the system. This
enrollment is acàomplished in a single session during which the speaker’s name and sex is
recorded for bookkeeping purposes, and the subject then repeats the selected six-digit sequence
five times. A verification file has then been created for the subject , consisting of speaker-specific
scanning and recognition reference patterns. This speech data collected in a single session is
relatively self-consistent but is not representative of an ensemble average over many sessions.
Therefore, the initial reference data is biased and the initial estimate of speaker variance is
invalid. Intersession variance is accounted for by updating of the reference files on subsequent
verifica tions (Section VI.B)

During a verification. afte r the six-digit sequence is recognized as the claimt~d
identification, the library of nIon~~tk ation numbers that are on file is scanned for the six-digit
sequence. If the sequence is not tound. the ~osce response “NOT ON FILE” is output and the
program returns to look for 4noth~r inpu t sequence. However. if the sequence is foun d, the
reference fik is fetched troiii Jask u’~O. 32-m’ord sectors ) according to the library location . The
input speech data is then tr’~ anned slu g the speaker-specific reference scanning patterns in the
region of ±10. I t3-rnse~ tIme ‘~ npk s aj ’~und the speaker independent reference point locations
foun d during sequence re~ognsIIon 11w r~.ogmnon error is recomputed for all six digits using
speaker-specific reference re~ognstlon pa frr ns It the sum of the recognition errors is less than or
equal to a “veritication thrnhok1.~’ the ~xce response “VERIFIED” is output , and the
speaker-specific reference tlks are updated. Otherwise, the voice response “NOT VERIFIED” is
output. In both cases, all arrays are reinitialized and the program returns to look for a new
sequence.

Presently. all veri fication trials are treated as independent; however, both sequence
recognition and speaker verification performance can obviously be aided by a sequential decision
strategy since the trials are not independent. Sequen tial hypothesis testing such as the Wald
Sequential Test is described, for example , in section 3.5 of Fukunaga. ’8 Specific application of
sequential hypothesis testing to speaker verification is given by Doddington and Hydrick.4 Such
a procedure is considered mandatory for any operationai authentica tion system using personal
attributes.

The probabilities of Type I (true speaker rejection) and Type II (impostor acceptance)
errors now must contain terms to account for sequence recogn ition errors (although this is

• analogous to misread badges or keyboards in prior systems for inputting the claimed identi ty).
This is illustrated in the simple figure on the following page.
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SEQUENCE RECOGNITION

CORRECT / N Ol  \ INCORRECT
SEQUENCE/ SEQUENCE~ \

SEQUENCE

VERIFICATION I IREPEAT J ~ 
VERIFICATIONI

IMPOSTOR ,,~~~~~
,

RUE 

\~~~ T VERIFIED VERIFIED/” \~V ER I F l E D

SPEAKER TYP E II CORRECT

/ \ ERROR DECISION
TYPE II CORRECT I \
ERRO~~J DECISION ITRUE \

SPEAKF.R \~MPOSTOR

TYP E ! [~~~RRECT
ERROR DECISION

The Type I probability of error is then (ignoring the forms of the distribution),

~
eO) = P(not-verifiedltrue speaker, correct sequence)

P(true speaker)
‘ P(correct sequence)

Similarly, the Type II probability of error is
peW ) = P(venfiedlimpostor , correct sequence) P(impostor) P(correct sequence

+ P(verifiedlin correct sequence) ’ P(incorrect sequence)

~~L .
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B. REFERENCE FILE UP~~~~~ TINt

There are three reasons for speaker-specific reference files to be updated.
1. To account for intersession varian ce, which is not present with single session

enrollment
2. To account for the adaptation of the speaker to the system
3. To account for long-term speaker changes (aging, etc.).

The last of the above reasons has a negligible effect. The first reason, however, needs to be
accommodated quickly , with the second reason needing a more moderate updating rate. Thus,
the following updating formula is applied to both scanning and recognition reference patterns.

R~~~~~ X + R

where

R = old reference
R’ = updated reference
X = current input

4 for updates 1—4
a = 2 for updates 5 —1 2

I for update s > 12
If a person is verified , his expecte d error and recognition patterns are updated. Scanning pattern
updating, however, requires a more judicious procedure.

Scanning patterns are five time-sample windows in the spectral data centered around points
of maximum spectral change. Often , though , one side of the scanning patte rn is more consistent.
One example is the /zI/ transition which is sometimes pronounced as /zi/ by the same person.
Another example is the final reference point in zero, two, or three, which would always have the
vowel in the first part of the reference pattern , but if followed by a six or seven , sometimes
would contain the sibilant form in the second half of the pattern and sometimes would contain
siknce, depending upon the existence of a short silence segment between the digits. Since the
filter banks are sampled on a 10 msec basis, there is always up to a ±5 msec variation from the
ideal reference point time. This time vari ation in a reference scanning pattern having a “stability
imbalance” would tend to drift in the more stable direction , eventually drifting completely away
from the reference point.

One method of anchoring the speaker-specific scanning poin ts is to only update the
scanning patterns when the speaker-specific and speaker-independent reference points are
coincident. This, however, requires that the speaker’s patterns be close to one of the
speaker-independent patterns. Otherwise, his reference pattern would never be updated.
Therefore, the procedure used is to update the scanning pattern if the speaker-specific reference
point is wi thin ±2 time samples of the speaker-independent pattern , which although allowing
updating, would still limit the amount of drift.
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Another al ternative m ight be to update using the pattern extracted at the
speaker-independent reference poin t if the two points are ±1 or 0 time samples apart, and to
update with the pattern extracted at +1 (or — 1) sample from the speaker-independent reference
point if the speaker-dependent point is +2 (or —2) samples from the speaker-independent point.

C. SPEAKER VERIFICATION TESTING

Only a limited amoun t of speaker verification testing was done using the large
speaker-verification data base that was collected. Ninety-eight of the 106 speakers were enrolled.
Ninety-four (53 male, 41 female) Type I trials were run and 946 (542 male, 404 femalO) casual
impostor trials were run from 96 speakers. Each speaker said each of the ten 6-digit sequences in
his text at least once. If the sequence was correctly recognized, a verification attempt was made.
The results appear in Figures 54 and 55. The number of Type II trials was sufficient to’ yield a
smooth impostor curve ; however, this was not true of the Type I trials. The equal error rates
were approximately 4 percent for males and 5 percent for females. This is clearly not enough
testing to determine the actual error rates for the speaker verification. However, these two
figures show the need to make the verification thresholds a function of the sex of the speaker
(which is known). Earlier speaker-verification work (Figures 30 and 31 of Speaker Verification
III , reference 7) shows that additional performance can be gained by normalization by the
speaker’s expected error, which the Total Voice program calculates and updates with each
verification , storing the updated value in ‘the speaker’s reference file.

-
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SECTION VII
CONCLUSIONS AND RECOMMENDATIONS

The three major accomplishments on this program were (1) the installation of the Totalt Voice computer program on the ADM/BISS speaker-verification system at RADC, (2) the
development of clustering techniques for use as a quantitative method of developing sets of
reference patterns for speaker-independent word recognition, and (3) the collection of two large
data bases for use in digit sequence recognition and speaker verification experiments.

The installation of the Total Voice computer program included several tasks that were
precursors to the actual program installation :

1. Debugging and installation of a vector comparator for Euclidian distance
computation

2. Debugging and installation of digital filte r modifications
3. Development of a set of reference patterns for speaker-independent digit recognition.

The stated contrac t goal was to have less than 2 percent total error (rejection + substitu-
tion) on the recognition of six-digit sequences. This was achieved on a test set of 1,060
sequences from 106 subjects, but was not on another test set of 3,395 sequences from 11
subjects (see Section V). Improvement of speaker-independent connected digit recognition perfor-
mance is one of the goals of other work now in progress at Texas Instruments. An obvious
improvement to be suggested is the incorporati on of results of that work into the Total Voice
program.

Other suggested improvements to the speaker-independent digit recognition are to:
1. Increase the sample rate of the digital filte r input in order to eliminate the aliasing

of the sibilant energy
2. Postmultiply the filter outputs for proper amplitude normalization to ensure ade-

quate sibilant and third formant energy
3. Use the maximum output of filters 14—16 instead of the average or sum to aid in

detecting sibilants
4. Use T-function peaks to help anchor scanning error valleys at the actu al reference

points, especially for nasal-vowel transitions
5. Improve the reference scanning patterns to, for example, use multiple patterns for

reference point No. I of “FOUR,” and better accoun t for nasal formants occurring
in filter 2

6. Speed up the sequence recognition procedure by using dynamic programming plus
simple substitution to satisfy check digit constraints.

Specific improvements to the clustering procedure would be to:
I . Account for the occurrence of “outliers” in the design data
2. Speed up the algorithm
3. Use much larger sets of design data.
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Although there were insufficient data in the speaker-verification trials for very meaningful
results, some recommendations can still be made. These include :

1. Normalization of speaker-specific recognition errors during verification by expected
recognition errors for that speaker

2. Use of a sequential strategy for verification
3. Requiring lower errors for updating than for verification.

This last suggestion concerning the updating thresholds is coupled with the whole question
of “learning with a teacher who makes mistakes” (for example, references 19—22), which is the
case when a reference file is updated when a Type II error (impostor accepted) is made. This
question requires further study.

The final recommendation is for a complete evaluation of speaker verification perfor-
mance, both using the data base collected during this contract and in an actual operational
environment.
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This paper describes the use of hierarch i c e l The values of filter s 14—1 6 are averaged into one -~~~

clus ter i ng in the selection of a set of refere nce value, and data for the r e s u l t i n g  14 inputs is
patterns for use in speake r—independent connected r e g r e s s e d  using sine/cos ine b a s i s  f u n c t i o n s ,
di gi t recognition. The speech representat i on is the normal ized , and quantized to three bits. The value of
ou tput of a 1 6 — c h a n n e l  f i l t e r  bank. A two step the first sinc and cosine regression coe fficients and
r e c o g n i t i o n  process is used to solve the t i m e  a normalized energy (quantized to 4 bits ) are included
al i gnment problem . First locate possible reference with the 14 inputs to yield a 17 element vector for

points at phoneme boundaries , an d then use sequences each time sample.
of r e f e r e n c e  p o i n t s  to f o r m  a t i m e  a l i g n e d . At t his point it should be made clear that any
down—sampled representat ion of the hypothesized dig i t . direct compari~;’in be tween a r e f e r en ce patt e r n  f o r m e d
The cluster ing method is an aggl omer ative one (N to ii by concatenati ng selected 17 element vectors and a

followed by an iterative optim ization on each of the s i m i l a r  p a t tern extracted d i r e c t l y from the input

If ina l te n cluster sets . Samples of the clustering sample s is futile due to the temporal inconsistencies
resul ts are given both for patterns used in refe rence of speech even from the same speaker. In orde r to

p oin t location and for p a t t e r n s  used to select solve this problem , registration points can be located
hypo thesized digits. R e s u l t s  of r e c o g n i t i o n  of in each word at points exhibiting a maxi mum spectr sl
6—digit sequences are given for a test data set of change and a representative ‘recognition ’ pattern for
1060 sequences from a total of 106 speakers . each word can be extracted f ro m the input sequence by

in t e r p o l a t i n g a f i x ed n u m be r of vec to r s  be twee n
aIwrRoouc’rrot4 registration points. This input recognition pattern

can then be compared to reference recognition patte ’ns
The impe tus for the recognition of spoken connected for either speaker independent or d e p e n d e n t  word

connected digits at Texas Instrume n ts came not front a recognition or f~ r Speaker verification.
stand-alone applicat i on but rather to pro v ide the The next q u e s t i o n  is how to l o c a t e  t h e s e
c l a i m e d  i d e n t i f i c a t i o n  f r o n t — e n d  to a voice registration points in the input waveform. One method
authent i cat ion (speaker v er if ic a tio n l 3 )  system. The would be to  me a sure the spectral tr a n s i t i o n i t i v i t y  of
procedure for authenticating a person ’s ident i ty in  an the input by computing a differe nce between adjacent
operational env ironm ent is: entry of the perso n into input Vecto rs. However, the occurrenc e and size of
a lockable boo~ i , inputting the claimed identity to such t r a n s i t i o n i t i v i t y  peaks a~ e not reliable enough
the system via nadge reader or keyboard , computer for locating reg istration points , although t h i s
p r o m p t i n g  of a v e r i f i c a t i o n  phrase , speaking the function is a useful design tool. Instead , for each
verification phrase, and verification using the spoken t ime sample, a “scanni ng ’ pattern is extracted from
phrase. Two important considerations in such an the input filter bank wavefots . This scanning pattern
operational envir onment are maximum throug hput sad is a live time-sample window of the input (five
user accep tance (di rectl y affecting ~~~t he Type I or successive 17-element ‘aectors concatenated together ),
false dismissal error rate) . As an aid to increasin g centered on each time sample in turn , which is
both throughput and user acceptance, the idea of using compared to a set of reference scanning patterns.
speech to input is well as verify the claimed identity Local minima (valleys) in the squared distance between
was introduced and called “Total Voice ’4 , In Total input and reference patterns (scanning error) indicate
Voice, the bad ge i-eader , key board and pr ompting phrase p o tential registr a tion points. The locations of these
ire e l i m i n a t e d ,  and both i d e n t i f i c a t i o n  and potential regist iation points are then paired wi th the
verification are done using a single spoken six—digit locations of ad jacent registration points iii a dynamic
utte rance, uniquely assigned to each subject. programming tOutin e . Minimum/maximu m t ime difference s

between adjacent poists are used as thresholds and the
SP EECH PROCESSING paired er r o r  b e twe e n p o i n t s  is w e i ghted by the

deviation from the expected time difference.
The c o n t i n u o u s  speech data is sampled at time The ‘best ’ seq uences of potential r e g i s t r a t i o n

in t e r v a l s  of ten m i l l i s e c o n d s  d u r a t i o n  and the points are then found and used to define tecogn ition
amp litude is de tern ,ined for each of 16 frequency bands patte ins (rou t  the input as shown in Figure 1 for the
li ste d in Table I digit ‘s i x ” . The squared distances between the input

t Table I: Pil ter Bank De finition and refer ence recognition patterns are then computed
(6  dB) to provide a list of “hypothesized ” words. At this

Pil ter Center Freq . Bandwidth poin t, constra ints such as non—overlapping words ,
1 280 250 mini m u m  error , or otf ’er syntactic constraints are
2 395 280 imposed upon the sequence of words . As an example, in
3 525 310 the case of the voice authentication front—end , the
4 630 340 syntactic cont cain tS are

750 160 1) six digits are in the sequence,
6 900 360 2) two of the thgit s are check digits (linear
7 1080 ibO combinations of the othet four),
8 (65 3) ce r ta in  d i g i t  pairs  are di sal lowed,  and
5 1480 365 4)  a l l  d i g i t s  must be d i f f e r e n t ,

10 3725 365 The total numbe r of al l o w a b l e  s e q u e n c e s  is thus
Ii 1985 (65 limited to 320 . More detail of the concepts In this
(2 228’; (60 section may be found in Doddington, et . a l . 4 .
11 2640 (65 An i m p o r t a n t  poin t  should be made here tha t this
11 3 150 625 p rocess i ng concept applies equally w E L t  to c i t h e c
(5 )720 635 isolated or continuous speech. Whereas , many othe ,
16 4235 615 techniques used in  w o rd  i e c o gn i t t o n  a r e  i n h e r e n t l y

______________________________ r e s t r i c t e d  to i so lat ed  speech due to the need to
T h i s  C O l t  W 5 5  p a r t i a l l y  s u p p o r t e d  by R0CC A i r  d e t e c t  e n d — p o i n t  ( o c a t i o n s , no u t u c h  r e s t r i c t i o n
9. /’ I ‘~~~~‘ it ( ‘  I • (‘‘ifl t~ .a, t NO . R (fl602 7 6 C 0 ) 2 9 .  

~ippl i t - u  to fbi’ •, Iwi v . ’  t ’- i : I in tq i ICs .
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— Recognition Pattern

CLUSTERING METHOD Duda and h art 7, minimizing the sum—of—squared—error
cr i ter ion, J0, w r i tt en as

A lthough some scheme such as using scanning and i c
recogn ition patterns for time regist ering th~ input = y 

~~~j — ~~~ ~~~
Speech waveform is mandatory for speaker independent I I I 1 5 5 ,  I

wo rd re co gnt ion, the drawbacks of using  only one At each st er 2 should be transferred front class X1 t0
‘represen tative ’ pattern for each reference point and X 1

and the means updated if
for each word becomCs eadi ly a p p a r e n t .  The “~ — 2 n - - 2
var iation s due to context, dialect , idio lect , and ii x-m

3 
< 

~;—:--j- 
I I x ~~ II (1)

actual physical characteristics of the speaker mus t be 1

,iccomodat ed b y a l l o w i n g  m u l t i p l e  s c a n n i n g  a n d  Specifically x is moved to the clas sX ~ hav ing the
c ecognition patterns in order to g a i n  a c c e p t a b l e  smallest ‘~~ __ Iii
performance levels. ,, ~y X~~ i* 3 ))

Since the numbe r of representative patterns needed
was not know n a pr i or i , a hierarchical c l u s t e r i n g  An ad dition al property of this selection for 3,. is
procedure 5 7  was used on both pattern types extracted that a set of equally divided clusters is favored over
f r o m  the design data to determine sets .,1 candidat e a set co n t a i n i n g  both small and large clusters. This
i l , i s t c ’r s  lot  each typ e of patt e rn . Tb.’ design Set can he seen by considering ii

1 
<< in equation (11, —

t ’,,- ,~~~tr ,I of two omp l ’ s  of each d i g i t  sai nt ‘fl whi ch  y ie l ds app roxima te l y ,
t unnect~ d contexts from each of 85 subjects (42 males , _-~~--ll x m l !  u s - m i l l43  female s. •l 1 

-s

~~~~~~~~~ The a g g l o m e r a t i v e  method used in this study Thus , for n , • I , the d i s t a n c e l I ~~~ 1 II need on ly  be
comtntried the two cluster s having the smal les t ave rage le ss than tw ice  the distance 

~~~~~~~ 11~ to the old mean to
- ilista n c e between the p o i n t s  in the two cIus te r~~, i.e. be transferred to class \

~~
. I

combine d the i and cluSters which have the minimu m The q u e s t i o n  s t i l l  r e m a i n s  of choosing the

~ ( (  ~•)  “ p i r i p E r ” n u m h c r  of clust ers. One set of the
n n . ~~~~~, ti ‘ i tera tively optimized clusters was chosen on the bas is

I of
whe re n~ • the numbe r of ~ ‘ s in clams l 1 t . minimum value of ( t

il . , ? ; i i
) , ( fl

n • th~ num ber of f~s in class and in this 2. v a l ue of J . (data sets with lar ge J .” s favo r
CS5P d (i~~.~~~~— ~~~~~~ using more clusters), and

3. subj ective judgement as to when no new unique
The second step used was to iter a t i v e l y  improve fe atu res are present in the average pa t terns

u pon the p~rt l~~ion s f ro m the hierarc h ial clustering by fn.r each of the clu sters.
sov j~ q sam pl es from one group to another if such ~ In ac t u a l l y  i m p l e m e n t i n g  the h i e r a r c h i c a l
move improves the value of som e cr i te r I o n  function , clustering portion of th i s prog r am tile question arose
Th im st e p  used the i t e r a t i v e  opt imization method iS 35 to whether to calculate the simila r ity ma tctm (a

117

— l:i ~~~~~*—~~—~- *



______________________ - - - -

- - .= - - . . ThIS PA~~ IS B~~T QUA~I~~ ~~~~~~~~~~
* 

- 

~
-- 

-‘ ~
. ~~~ <. 

~...: 
JBCM OOI?~~ 

J’A~~~~~~~~ S~~~~~~~ ~~~~ 
DDQ __

~~~~~~‘~
—

~

matrix of distances or corre l ations between all The first example of scanning pattern clusters
clusters taken pair wi se ) once and up d a te i t or to appears i i  i’igute 2, for the final reference point in
recalculate the entries at each step. The similarity ‘two’, For this reference point, no major dist inction
m a t r i x  contains N(N +l) /2 un ique entries. Since a was made on the basis of the speaker ’s sex due largely
sequen tial updating procedure would tend to accumulate to the lack of spread in the formant values for /u/ on
er r o r s , double precision would be used to help the basis of sex, as shown in Peterson and Barney 10 .
preserve accuracy . For 32 ,000 words , this yields only The distinction between A and B in Figure 2 due to
N’178. Hence, In order to allow larger values of N , con tex t, ‘A’ being /u/ followed by si len~~e an d ‘B’
it was de cided to recalculate the entries of the being /u/ followed by /s! as in ‘8’ or ‘7 or /z/ as
simi larity matrix each step as needed. This approach in ‘a’ . Since vowel—vowel and vowel—nasal transitions
was eve n more  a tt rac ti ve due to the ex istence of a were disallowed by the syntactic constraints described
‘vec tor compara tor’, a special purpose device which earlier , the- /ue/ and /un/ transitions did not occur
c a l c u l a tes 

~~~
-

~~~~l l ’ . attached to the direct memory in this study.
access port of the computer being used. This device The clustering data for this reference point Is
is also used in the real—time processing for digit shown in Table 3. Two clusters were selected on the
recogn i tion, whic h uses a m i n i m u m  distance basis of and subjective judgenteist of the final
classifica tion algorithm , averaged patterns. An additional factor used in

selec ting the number of clusters was to minimize the
CLUSTERING RESULTS number of p a t t e r n s  in order to achieve almost

real— time operation (<4 seconds sequence recognition
The clustering method described in the previous time) and to minimize the number of false valleys

section was used on both reference scanning and produced during scanning . Note that the figures in
reference recognition patterns that were extracted Table 3 aLso show the improvement i n  .J~ us ing  the
from the design data set. Reference pgints were iterative optimization for this set of scanning
automatically marked using some previously defined patterns.
reference pattern s and were all reviewed by hand to
insure their proper location . Using these reference Table 3: Clustering Results for Reference Scanning
points, scanning and recognition patterns were formed Patterns for the Final Reference Point for ‘Two’
from all acceptabLe digits.

The location of the reference points and the Before Optimization After Optimization
format for the recognition patterns are shown in Table ru~ I of Avg.Between 

~, +1 -
2 for the phonetic transcriptions for the General Classes Class Error 3e J (

~e “L
T

~ 
)/ ~~~

American dialect pr000unciations for the dig its as 1 — 31242 31242 .272
found in Kenyon and Knott8 . The A ’s in the table 2 476.3 22997 22736 .057
indicate reference point locations; the number in 3 451.4 22169 21445 .058
parentheses indicate the numbe r of equall y spaced time 4 446.6 21461 20205 .050
samples extracted between reference points which are 5 433.0 21174 19187 .064
used to form the recogn ition patterns; and the 6 421.3 20887 17961 .033
numbers withou t the parentheses specify the number of 7 414.1 20314 17365 .027
time samples prior to the firs t reference point or 8 389.5 20086 16902 .030 ¼

after the last reference point at which the input 9 365.2 18914 16387 .023
spectral waveform is sampled for use in forming the 10 367.0 18711 16008 —
r e c o g n i t i o n  p a t t e r n .  This is mo r e c l e a r l y
demonstrated by the recognition pattern for ‘six ’ A second example of scanning pattern clusters
;h nwn extracted from an input spectral waveform in appears in Figure 3, for the /sI/ transition in ‘six’.
Figure 1. This reference point is internal to the word and does

no t show the contextual va ria’ ions present in the
pr evious example. However, there was 3 significant

Table 2 :  R e f e r e n c e  P o i n t  1.ocations and Recognition dift ’erenc e on the basis of t he spea ke r ’s sex as
Pattern Format Definitions for the Digits indicated by the formant locations in Figure 3.
Zero ’ through “Nine’. Differences between the two male patterns, A and

I r -, ‘- B, are due to energy profile, intensity of the third

(.IJ ~~ 
A 

—4 ,—2 
A (6) ~ 2 -h fo rsiant, and a slight variance in the reference point

location . Differences between patterns C and D are
w , -~ , 

~ 
due large ly to energy prof i le . The distinguishing

4 I , ’ 14 )  A 
( )

5 
4 charac teristic of pattern E is the absence of sibilant

‘ energy i n the top filter mince the upper cutoff of the

- . • 
A ~ ~. ~ ... 

top f i l ter wa s below the si b i lan t f r e q u e n c y  loca t ion
c , - . (2) (1. ) • -~~ A 

1)  A A 
~~

- 

~ 
for several females.

Figu re 4 shows an example for the digit ‘n ine’ of

• r x . I the clustering results for recognition patterns. The
- - 

~~~~ 
A A , -t differences among these patterns are due pt imarily to

d ialect and speaker ’s sex (Table 4) and in the formant

~ 
i locations in Figure 4. 75% of the speakers in the

. - 
‘
~ ) t )  ~ ‘ -4 ~ 

A A design set had recognition patterns for both samples

~~~~~~~~~~~ 

. • (“1 7 . 1 of the digit nine in the same cluster.
Th e resul t s of the clustering of reference

c r ’ a n s n n j  and recognition patterns produced 100 Table 4: Male/Female Distribution and Vowel
running patterns for the twenty-tour reference points Labels for Figure 4 Recognition Patterns

defin ed in Table 2 and 55 recognition patterns for Contributors to Patterns
li e t e n  d i g i t s .  A complete delineation of the s e Pattern Males Females Vowel/Diphthong
p-I terns is g iv ’-  i n  Davis 1 et al9 ; however , a few — _______ ______________

) itter nm will next b~ reviewed to indicate the results A 18 A 1 or a 1

of the clutterin g procedure. Generally, differ ences B 28 5
d i e  to ~di nle ct s had no influenc e: context and C 21 0 sO
~p~a tpr ’5 sex determined clusters for the scanning 0 13 10 me
p a t n e r n s ;  d i a L - c t ~ and speaker ’ s sex dete rmined £ 0 39 P 1
cl u S te rs for the recognition patterns. P 0 32 ae
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time

~~- . of Males : 41 43 Males : 34 37 3 4 4
Contributors : Females: 52 33 Females: 4 3 26 30 22

A. B. A. B. C. D.

1 T ~ IIR 1 ‘ : Reference scanning patterns FIGURE 3: Reference scanning patterns for the /sI/ transition
f.’r the /u—/or/us/ transition at the in “ ,:x’.
cnn of “ two” .

— Very few differences exist among the nasals.
However, during the vowels , (1) different vowels c ’ ’ ’

occur (2) a vary ng amount of di p hth o n giz at tu ..5
occurs , (3) a third formant is present in patterns A • • i i’  *

~~ 
‘

and C, (4) nasaLization sometimes occurs as shown by , .~ ~, ,~ ~ . —
th r ’  energy in the lowest filter in patterns B and E, —— “ ‘  — —
and (5) a greater degree of positive spect .al tilt * ii ‘~~ ii . . - ‘ ‘ ‘ :  : : :
occurs in patterns C , E and F as shown by the larger • • • 4 + II Ii 5 -‘ * ~ ii Ii

val ues of the cos i ne regress ion coe f f i c i en t ,~ : ,u - u - u - ~ •
‘ : ~ : :: ~Although the location of primary and secondary . * ‘ = - “ - :~‘ :schooling for most subjects in the design set was in • I I  - • - ‘ 

* - - -
Texas , a noticeable difference in this background 5

i’~ 
~~~~ : : *

occurred for pattern A vs. pattern C. For pattern A , - - u - i  * • •u _ 
- 

_ : _ - : . _
.ihout 40% of the subjects were schooled in Texas; . , u - -~ 

.. ‘- — z ..-
about 40% in the middle or far West; and about 20% in ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ‘

New England. However , for pattern C about 70% of the A B
subjects were schooled in Texas or the Southern U.S.;
about 15% in the midd1~ West hu t had l ived many yea rs
in Texas; and only about 15% were relative newcomers - ‘ ‘I ‘I l

~ 
SI ‘5 Ii

from the midd le West. This background is consistent
with the presence of the diphthong in pattern A and ‘c,. ~ ,~ ~~ ~ 

, ‘ u- . .
-
.
- : ~~~~~~~~ ,

only the vowel /ae/ in pattern C.

EVALUATION . : : — 11 :1 ‘ : ~.. . ,
_ 
, . : :

4 .. — — , 11 1 1 , 4  • + •~~ S • . l i l l li
,, ii . :‘ c is

In order to test the clustering results a test set it u- u r i- ‘i ut ‘ 4 II II IS II 4 * C 4 S S ii U

of 106 speakers was used. Each speaker repeated one : : - - - -: : : : - -
of ten possible sets of 6—digit sequences resulting in * 

i~ ,
‘ s~ ,

‘ 
~
‘
s 

-

1060 sequences. The test subjects were different from ‘ * - ‘ ii S ~S u-~

the training subjects. In these tests there is an _ ..~~~_ ‘_ ‘.‘•
‘.,, . - .  

- : - -
inverse relationship between processing time and error ~~, ~. ~, ,~ . -, .L ~ . ._ .~~ — 

‘
~
,. — .~-. .! ~ . .~:ra te. The evaluations used here were for ‘almos t

real— time ’ processing, comparing results using C. 0.
mu ltiple reference patterns determined from the
c l u s t e r i n g  program to those using only one — — — — — — ‘ — ~~~~~ — —  — - - — — ‘-- 

- I I lI li li lI I i • ’  S I I Sl~~~l l i ll I~~~* l  S
representative pattern of each type.

Table S mhows r?igit recognition results for both “ ‘ ‘
~ ~~

‘ ‘ 9 
‘
~~

val uatlon runs. These results are independent of all ~ “ r  - - + 5’ C 5~ Ii 4 Ii an
of the syntactic Constraints mentioned earlier. — -— - - — - — - - — — — . — ~~~~~~~~~~~~~~~~~ ‘

— S - .5 -
Table 5: DigIt Recognition Results - & S s & S - I  + ii 4

1• 15 ui • .. r D l i uI is ,- E r r r , , , . l n
u i~~~~~• C 0 1 5 5  li ii •l i S V t f ’ f l l I + ii il

of Percent Correct  • ‘ ,‘ 
- : ~ 

‘ “ ‘- - 5 
•

~~jj~t Occurre ’i~ es Single Reference Multiple Reference . . I • I * 51 I - -

0 689 89.3 93.6 -
~~~ : :,: 

‘ : :
1 4) 4  9 3 . 8  9 3 .5  S — —

— 2 626 11.4 79,6 2 — . —
~~— 

3 738 83.9 89.3
4 7 1 1  81.9 89.0
¶,u 79i, 96.6 99.0 t:. F.

164 9 1 . 4  9 6 , 7

7 756 69.0 86 2 . -
I iujure 4:  Reference r u ’coqn it loi ’

8 4 O a  8 2 . 2  98.0 patterns for “Nine’
9 441 6 8 . 3  8 9 . 0  119
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verification , however , is the sequence recognition August 1976.
error r ate. For this appLication , in addi tion to a 5. M.R. Anderberg, Cluster Analysis for Appllcitlons,
low error rate, it is important that almoat all of the New York: Academic Press, l9~ 3.
errors be sequence re jections r a t h e r  than 6. B. Everitt , Cluster Analysis, London : Heine.ann
subst itution s , since substitutions will result in the Educational Books, Ltd., 1974.
speaker s identity not being verified. Result s for 7. R.O . Duda ...io P.E. Hart, Pa tt e rn Classification
the 1060 test sequences appear in Figure 5. Both the and Scene Analysis, New yo~~

T’ Wiley, 1973.
rejection and substitution error rates are plotted vs. 8. .~.s. Kenyo n and T .A . Knott , A Pronouncing
the decision function. The decision function is the Dictionary of Asierican English , S p r i n gf i e l d , Mass:
total of the distances between each digit and Its c. & C. Merriam Co., 1953.
closes t r-derence for all mix digits of the best 9. R.L. Davis, G.R. Doddington , B.N. Hydric k, ‘To tal
possible sequence. Voice Speaker Verification ”, RADC—TR—78—26 0.

— 
10. G.E. Peterson and H .L. Barney , ‘Con trol Methods

100.00 ~~~~~~~ 
— — — — Used in a Study of the Vowels ’ , JASA , Vol. 24 , No.

Pore nt Re ectio 2, pp. 175—184, March 1952 (Reprinted in R e a d in g s
(Sin 1~,Re ~~~~~~ 1 in Acoustic Phonet ics, I. Lehiste, ed. Cambridge,
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“ Mass: The MIT Press , 1967).
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F igure 5: Rocou;uuition Performance for Six-Digit
Scque ,.ces

T~ ese resul ts clearly show the value of using
multiple reference pa’terna in speaker—independent
connec ted d igi t recogni tion , an d the clus ter ing me thod
described gives a quantitative method for choosing
such patterns.
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