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ABSTRACT

Experinents investigating simultaneous Autonati&

' Message and Speaker Recaognition (AESR) are réporte& in this“
thesis. Several differenq paraneter séts and their subsets,
derived from input sbeech were examined for their
effectiveness for AMSR realization. The development of a
high accuracy AMSR system based on new feature sets with new
similarity measures is discussed. The first stagqe of
experiments deals with the evaluation of combined speager
veritication and digit recogmniticn based on sianqle digit
utterances. A known technique of automatic speech
recoqnition 1s examined for its eififectiveness for combined
spaaker and digit recoqnition. Neu.techniqqes based on
orthogonal parameters derived from different features, with
tvo similarity measures, also are investigated for AMSR
realization. The second staqe of experiments utilizes spoken
digit strings to obtain signiticantly higher AMSR accuracies
than 1s possible with any single digit utterance. Por
completeness of discussion a review of relevant literature,

data collection, front-end processing and feature extraction

functions are also presented.
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ABSTRACT

P
A study was undertaken to determine the feasibility

of applying vibration monitorigé techniques to ﬁigp volume
multistation transfer machines. |
S

Recent’ published literature on machinery health.
ménitoring is reviewed with special emphasis on vibration
monitoring. A complete bibliography of 255 references is
appended, together with summary chart, in/yhich the subject
1s classified by topics.

A field study was undertaken to détermine the feasibility
of applying vibration mdnitoring techniques to high volume,
multistation transfer machines installed in one of the
leading automotive engine plants. An accelerometer and a
tépe récorder'were used to.obtain the vibrétion data. It
was shown that repeatablé vibration measurements were
possible under "in piant" conditiops and that future trends
_in both the ‘overallY and spectral acceleration levels were”
readily apparent. Furthermore, for one particular machining
station, prediction of bearing failure was‘documented. ,

As a result' of theé successfdl "in plant" manual
vibration monitoring, a series of controlled bearing failure
tests were performed in order to determine the most'sﬁitablé

vibration analysis technique for identifying specific types

of failure. The results of defects which were induced to

iv
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récognition systeas were dediéated to inddstridl
applicétiouslin which user's hands and eyes were already
busy with their normal work réquireuents. Other successful
applications for voice input systems aré the following 3
Automat ic material handling, automatic quality control
and inspection, voiced programming of numeriéallv controlled
machines, voice actuated wheel chairs, voice data entry into

computers, cartography and defense mapping, airplane cockpit

communications. Some of theSoupplications are shown in the

fiqure 1.1.
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I. INTRODUCTION

Today, achieving.hfghef productivity is the_éingle most
important goal of machihe tool builders. This, however,.
-requires not only innovative concepts in the part transfer
and metal rémoval.prodesses, but also the.integration of
monitoring and diagnostic tools that permit early warning
of machine component failure. Vibration monitoring is one
of the main techniqueé used to predict and diagnose a wide
rangé of incipient failures in rotating machines. = Such
éapabilities'hould substanﬁially reduce the problem of un-
scheduled maihten;nce, minimize additionatl damage to the
machine, permit advanced planning of changes in production
schedules, reduce spare parts inventory and return the
machine to operating éondition quickly.

Therefore, it is obvious that machine tool builders whao
wish to succeed in the highly competitive market place of
the future, must plan today for the integration ofnvibration
monitoring systems into their machines.

A transfer machine line is a collection of automatig
machining stations of all types (see Figure 1.1). The
workpiece, such as an engine block, enteré.the transfer line
as -a rough casting and leaveslit completelf machined at a
rate of approximately 200 units per hour. The rate of

production is very high, thus unscheduled machine downtime
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can significantly reduce productivity. Furthermore, the
failure of one machining station in a transfer line will
automatically stall the whole line pfoduction. Bearing
failures are at present the most common causes éf machine
downtime. Every bearing has a limited life‘which is
strongly influenced by the method of insﬁallation, operating
conditions and mainteénance received. Thus the rgliability;
efficiency and safety of the spindles used in'the'machinipg
station depend on bearings functioning properly.

In view of. these consi@erations the following objectives

were §et~for this thesis:

a. To review the'recently published literature on
machiﬂery condition monitoring with special
emphasis on vibration monitoriﬁg techniques.

b. To determine the feasibility of applying vibration

P _ ' ménitoring techniques on the high volume, multi-
station transfer machines installed in the éngine
plant of a leading automotive manufacturer.

€. To obtain representative overall accelef5£ion levels
as well as frequency spectra from designated
machining operations for use as a "baseline" in
a future vibration monitoring system.

d. To identify induced bearing defects in a typical
single spindle maéhining station using time domain

analysis as well as the frequency domain analysis.



e. To summarize the results and recommend areas of

future research and development.

£



'II. LITERATURE SURVEY

The subject of machine health monitoring has long been .
a widely—documented field in machinery research. In fact,

current published literature focuses largely on this subject

as an important tool in extensive machine studies. This

particular review concentrates on vibration monitoring with
special emphasis on bearing and gear failures and automated
(computerized) vibration monitdring systems. The topics
revie;ed include the sources of vibration in rotating
machinery, ilnstrumentation, measﬁ;ement techniques, data
processing techniques, applications to vgrious types of
ﬁachinery and systems; and users' experiences.

Because textbooks offer a.very limited amount of practi-

cal information on vibration monitoring and analysis of

‘rotating machinery, this review has predominantly made use

of periodicals, proceedings and seminar notes. A complete
bibliography of 255 references is given in alphabetical order
in Appendix A. A summary chart of the full biblieography with

classification of technical papers by topics is given in

Appendix B.» Of the references listed in Appendix A, 155

have been reviewed in detail and are referred directly in

this thesis. These entries are embodied in a separate

"References" section.
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2.1.3.1 - DESCRIPTION OF THE ALGORITHN

The samples corresponding to background noise fros the
Lirst 100 msecs of a recording uere}utilized for calculating
statistical measurements of' background siience. These
measurements include the average zero-crossing rate tIZC'),
standard deviation ot zero-crossing rate [(ON) apd peak
enerqgy (INN}. A zero-crossing threshold, IZCT, to
discriminate silence froam ;peech reqibn'uas calculated as
follows:

IZCT = MIN (IF , IZC' + 2 O )
where IF 1s a fi}ed threshold of 25 zero—
crossings per 10 msecs sampling interval.

The enerqy feature for the speech region was cglchlated
and its peak energy IAX along with enerqy statistics of the
backqround noise were used to calculate two thresholds.ITL
and ITU accordinq to the rule :

I1 = .03 * (IMX - IMN) + IMN

where I1 is a level at 1% ot tne peak enerqy.
I2 = 4 * IMN

where IZ 1s a level sSet at rour times the
Silence enercygy.

ITL = MIN (I1 , I.Z)

where I[TL, lower enerqgy threshold, is the
minimum or two thresholds I1 & 12.

Ity = 5 * ITL
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Where ITOU iw

threshold waich is 5
times the lower threshold. per jand lowver enerq%
thresholds ITL and ITU vofe used to roughly estimate thé
begin and end points of speech segment. Later a back-
tracking from the rogéh estimate of begin point was made to
verify if samples exceed the ZCR threshold IZCT. This is to
.detect any low enerqgy, hiqh frequency fricative sounds in
the bedinﬁipq of the utterance. Similarly a fﬁruard tracking
from the imitial rougqh estimate of the end point was made t;
verity the presence of weak fticativqs at the end of the
utterance. A detailed structure and.detailslof the élqorithm
is furnished in the Appendix {A1l.

Tils algoritha for werd end point detectiqn has given

reasonably good results over ten digit vocabulary spoken by

seven speakers.

2.1.4 NINDOWING OF SPEECH SAMPLES

Windows are weighting functions applied to pre-
enphasized, word ‘endpoint detected data. According to
F.J.larris { 12), windowing helps in accomplishing the
tollowing :

1. Raduction oL spectral leakage associated with finite
observation intervals.
2. Reduction of tne order of discontinuity at the

boundary of the periodic extension.
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Windowing was accomplished by multiplicative weighting
to the input data in discrete time-domain and is as given

below :

ﬂ(n} 1 0 ¢ n ¢ N-1
=0 othervise

where h({n) is the weighting fupnction aund N is th
nubber of samples in the wiandowed seqment.

This type of weighting is known as rectaﬁqular window
because L1t gives egqual weiqhtage of 1 inside the window
interval. From frequency domain point of view this type of
shafp transition or weightings at tne begin and end of the
window will qive.tiSe to riuging in the spectrunm fherehy
causing aliasing errors. A better weiqhting function to
smoothly bring the welganting function to zero at boundaries
of the window interval is5 given by 3

i
0.54=-0.406%C0QS5 (2«PI*n/(N-1)) for JdgngN-1

h(n)

=0 othervise

This window runction 1Ls known as jdoming window and was

used for windowing speech while wvaluating trequency-domain

feature sets. Rectangular windowing was used while

calculating time-domain feature sets.
The windowed speecn saaples In time-domain are
mathematically represented as tollows :

s (n)

3(n} * h{n)
oo

Z s(m) b (n-m)

M=o
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vhere * indicates discrete convolution. s{(n)
is n th input speech sample and s'' (n) is n th windowed
speech sample.

After sampling, digitizing, pre-emphasis and word end
point'deiecﬁion, pre-processed?sﬁeech samples witﬁin the end
points were stored ;n the digital mag-tape storage. This
data stored in the mag-tapes, form the input to the next

crucial processing phase Xnown as feature extraction,



Chapter IIIX

FEATURE EITRACTION

Siqnificant data compression and computational savings
can be accomplished if a few representative features
extracted from speech carry all essential and relevant

. IS
information contained in input Speech. A set of

representétives in the form ot different pagg;eter sets
obtained as a result of time-domain or Irequency—-domain
analysis were tested for their- speech sensitive and talker
sensitive characteristics. A list of different feature sets
used in these experimental investigations for AMSE system
are explained here.

The teature sets Known as eneryy, <¢ero-crossing rate,
normalized error and pole frequencies of 2-pole linear
prediction analysis and tirst two tocmantg were demcnstrated
0y Sambur and kaoiner [3] to be message sensitive parametercs
oL spe¢ech. Also Linear vredictor Coeflicients {LPCs) were
demonstrated by Itakura {47, to be message sensitive for a
Jesignated speaker. Later Atal [ 137 and Sambur [5)]
demonstrated the etfectiveness ot uorthoqondal L2Cs for
dutoratic speaker recoynition.All these parameters including

two noew sets ot parameters known as virect Fourier Transform

oL speech (DFIs) and Inverse Filter Spectral Cocliticients
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(IFSCs), were investigated in these éxperimental
igvestiqations for an effi;ient AESR systen. e

The pre—procéssed data corresponding to each vocabulary
entry vas read from wag-tapes and placed in disk storaqe:and
Parameter extraction was carried out in vindowed seq;ehts.
The concept of short-time feature extraction (featuré-
extraction from windowed segments) is fundamental for
describing quasi-stationary (slowly time varyingqg) siqnal

such as speech.

3.1 TIBE-DOMAIN FEATURRES

3.1.1  ENERGY FUNCTION

s .

v

This parameter provides . representation that reflects
speech waveform amplitude wariations and is defined as sun
of the squared values or Speech saamples in a given windowed

sSegment. ©

Zx "J(m) b {n—-m)

M==0C
vhere h(n) is rectanqular window.

B(n)

Anotuer definition of energy tunction is the sum of -

absolute values of uindgwed Speech samples and is given by :

E{n) = ZJs(n) h{n-m

M=
where h({n) 1s rectanqular window.
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3.1.2 LINBAR PREDICTION confngxn_ns (LECS)
‘ -~ A very popular and effective characterizat;on of speech
anq speaker was réalized through the use of a linear

‘discrete model definéd'by the transfer function :

-

P

6/ (1= ) azTh)

G s/ agz) T

H(z)

Where G is the gain of the model
a_.'s are LPCs
1
.A(z) is the inverse tilter transfer function
P 1s the order or the LPC model.

An eguivalent time-domiin description 1s obtained as -

el

s{n}y = ZJiS{ll—l) + G e{n)
i=1

wherce s(n) i3 the pridicted sample at n th instant.
s{(n-1) is the predicteu sample at (n=1) th instant.

e(n) is the glottal excltation ut n ta lnstant.

a_'s are Linear Predicticn Coetticients (LPCs).
h e

Considering that neither vocal tract shape nor the
glottal wavetorm changes significantly over 24 msecs, the

LPC measurements were conducted on 24 msec Hamaing windowed
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segments. The predictor coefficients were determiped by -~
minimizing the mean squared prediction error between actual

and predicted speech samples as given below :

E

Y. (s(n)=s* (n))

"

P :
= Y istm- Y a,sto-k))

" ki

] ,
Z { z a, s(n-k))
ko

1l

-
A set of linear equations is obtaiﬁed by taking partia{
derivatives of this squared error with respect to the a 's
and equating to’zé}o. Solution of this set of équations give
the LPCs. Details of algfRithm for solving this set of

—

equations are given in Aprendix [B1.
3.1.3  ZERO CROSSING BATE (ZCB)

This measurement is perhaps the sihplest method of
estimating the signal's asplitude spectrum. This parameter
Calculation consists of counting the number of times the
voltaqe énaloque of the signal chanqes alqgebraic sign {from
plus to minus 3% from minus to plus) in an analysis segment.

Mathematically this is represented as fcllows :

z{n) = i |sqnl x(m) 1 - san{ x (z=1) 1| v (n-m)
where s:;Fi(n)] = 1 for x(n) 2> 0

= -1 for x{n) < 0
"and w{n) = 1/2N for 0 £ n & N-1

= 0 othervise
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vhere'N is the total number of samples in the apalysis

seqrent. : e

Zero-crossing rate measurement is econdmically
attractive because it can be accoamplished by Simple.

electronic devices.

3.1.4  NORBNALIZED ERROR

This feature set is obtained from a two-pole LPC
analysis on a qivén segment of speech. The squared
prediction error between actual and predicteg speech samples
is kpown as normalized error. Thfaﬂis mathematically

represented as

L3
Wi " nl 2 nit p 2
Lliem 1 = ¥ (st-s' @) = T (sm- ¥ ays(n-k))
nae n=no0 n=n0 k=1

nt P

2
s (n-k) ak)
n=n0 k=0’

where a,'s are calculated as cxplained in the Appendix [B].

This paraseter set contains i1mportant inrormation about

tue spread ot spectral enerygy in a given utterance.

3.1.5 POLE PREQUENCY

v

Tiis feature set 15 outained Ltrom a two-pule LPC

analysis ob a yiven atterance. A characterizggion of speech

rea}ized through tne us¢ or a Z-pole LPC model iLs given by :
IJ

Hiz) =1/ (1 - 3 a5z )

and its frequency response is gylven by 3

jwT - JjwT - j2wT
[I(eJ )=1/(1—a1qu~a2eJW)
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Where at, a2 are LECs calculaﬁed'as given in Appendix [B]
. L )
T is the sampling period (0.1 msecs) .

Two poles of this transter function are complex quantities

- given by : _ ;

21, 22 = (C1+jul), (c2¢9w2) -

where w1 and w2 are kngwn as pole frequencies(in
. L &
radians/sec) .
This featup€ set essentially distinquis?es high
frequency type sounds from low frequency type sounds inm an

utterance.

3.2  FPBREQUENCY DOMAIN PEATDRES
3.2.1 FOBRNANTS

The speech uavetorm'dén be modeled as the response of a
resosator (the vocal tract) to a series of pulses (quasi
periodic'qlottal pulses during voiced sounds, or noise
qenerated at constriction during unvoiced sounds) . The
resondnces of tne vocal tract are called as formants, and
they are manifested in the spectral domain by energy maxima
at the resonant frequencies. The tormant frequencies are an
important cue in tae characterization of speech sounds, and
thercetore dan automatic alqgorithm for reliably computing
these trequencies would be useful for speech recoynition

research. One approach to the problem is by peak-picking

4
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from spéctral pattern of impulse response of the inverse
filter of the LPC model; It has been ‘found ffom‘experiiéntal
observations by Stephen S. McCandless { 14], that a minipum
of 14 LPCs are required to eliminate the chances of herqinq
of ad1a¢enf formant peaks of certain soundé.

Once the LPC coefficients qk's are available, it is
easy to obtain the approximated spectrum of s(n). Evaluation
of ‘the maganitude of the transfer.functioﬂ H{z) of the filter
represented by the coefficients 4 's at N equally spaced
samples alonqg the unit circle in the z?plane.

14 X

H(z)=1/-(1-zicz ) v

where H{z) is ejzfuated at z = exp[ j(2%¥PI*n/N) ] for
n=0,1,.., N1 | |

N can be chosen arbitrarily large to iacrease frequency
resolution, at the expense of computation time. h'sequence
of 128 couplex points (l,ak : k=1,..,14,appended zeroes) 1is
formed., Fourier transforn calculdtiohs are performed on this
- discrete input seguence by means of rfast Fourier transform
algyorithm. Magynitudes (in d3s) of the rirst b4 DFT points is
Calculated. A plot ot these magnitude points versus
frequency, shov a number ot ditferent peaks i1n the firequency

Cesponse. Center frequenclies of different peaks are KnNown 4s

formant frequencies.
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3-2.2  INVERSE PILTER SPECTRAL CORPFICIRNYS (IPSCs)

The speech production model of LPC analysis provides a

system function 3

P .

H{z) = 1,/ (1 - Zakz ) =1/ atzy ;
k=1

A(2) is known as an 1nverse fllter and

P
sin) - Y a, S(n*k),= e(n),
k—.
where e {n) LS the ‘glottal excitation; the ak's are

LPCs; P is the order of the LPC model.

The frequency response of the Inverse filter is given

by =
. P M
—JwTk,
ATy - - 3 ae )
JwT . =t '

A (e ) is the discrete Pourier transform of sequence
1,a¢,a,,.-;,aP).' For instance for a 12 th order LPC wmodel
a-.64 length sequence can be formed (i, iz LEC coefficients
and 51 appended zeroes) and Pourier analysis is perfcrmed hy
euploying Fast Pourier. Transform algorithm. Magnitudes of the
complex DFT sequence is calculated. The magnitude points on
one side of the maximum are mirror images of those on the
other side of the maximum. The first 32 magnitude points

fork 1nverse filter spectral coefficients (IFSCs) for the

andalysis Sseqment.

3-2.3  DIRECT FOURIER TRABSFORN OF SPERCH {DFPTSs)

Direct Fourier transform calculation oD Speech samples
is an efficient method tor estimating its amplitude
spectrum. Just like the tilter bank method {vhere averaqge

enerqy in different frequency bands was required}, the Fast
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Fourier Transform provides a computationally efficient
ne£hod of estimating ‘the average amplitude spectrum at
different discrete frequency points.

| Preprbcessed speech salpies are input to thée Fast.
Pourler Transform alqorlthu. 240 speech sanples Hlth 16
appended zeroes form a 256 sample length discrete lnput
sequence -for the FFT alqorithm. The magnitude of the autput
sequence of complex direct Fourier transform coefficients
are.calculated. DFT representations are periodic with
nmodulo-256, hence only‘first 128 naqnitude points of the DFT:
sequence are considered for further calculafions. Arithmetic
a#eraqes ot four coansecutive magnitude points of the DFT

-

sequence give 32 averaqge values. These 32 discrete numbers

per analysis segment are known as the Direct Fourier

Transform of speech or DFTs.. e

4o

3.3 ORTHOGONAL PARAMETERS

By means of eigenvalues and eiqenvectors of a matrix of
covariances of measurements made on 4 population of
utterances from a given talker, a set of arthoygyonal
padrameters are generated. These orthogunal parameters can
be derived from any set of features viz: LPCs, inverse

filter spectral coefficients, direct Pourier transform of
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'speech, parcor coefficients, log area coefficients.

[

Orthoqonalizatidn of parameter sets essentially make these
parangters mnutually uncorrelated thereby bringing out latent
shéech sensitive, speaker sensitive or medium sensitive
characteristics froa then. Different steps involved-ih'
calculation of orthoqgonal parameters are as qifen beiou ;

1. Let X33 : i=1,2,...,M; 3=1,2,...,NF be the parameter
set‘where ‘ij is the i th parameter of.the i th
frame, ¥ is the number of parameters in the set and
NF is the total number of analysis frames in the
utterance. |

2. Compute the covariance matrix [C] of the parameter
set,'uhece [C] : c 2 1=1,2,...,8; 0=1,2,...,8 is

1m
given by :

C =1/(NF—1); {x - X ) (x - X}
1m 1j 1 mj m
J=1
and NF

X = (1/N§)% X 1s the average value of the
1 13
l th parameter. J=1
3. Compute the eigen values;t : 1=1,2,...,M and the
1
eigen vectors Tlof the matrix {C] by solving 'C -AII:O
for Al“s and by solving ChH =/11Tl for Ty -
. 4. Normalize Iy to unit length.
S. Evaluate the orthoqonal parameters ( @

ij
1=21,2,-.,84;9=1,2,..,NF) as follows :

M
¢.. = E: t x
1]
= i1 13
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vhere ¢1315 the i th orthogonal paranetet‘in the j -
th frame; tii is the 1 th element of the i th eigen
'vector Ty . |

These steps of processinq form speéker reference
orthogonal parameters, as they are based on covariance of

-several utteranées of that speaker. To generate test

orihoqonal parameters, a dot product of reference eigen

vectors with test pprameter set is to be evaluated. For
generating overall averaye orthogonal parameters (for test
data), a dot product of reference eigen vectors and overall
averaqge orthogonal parameter set is to be evaluated. To

obtain framewvise orthoqoqai parameters (for test data), a

dot’ product of reference eigen vectors and framewise

parameter sets are to be calculated.
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Chapter IV
EIPERIMENTAL INVBSTIGATIONS FPOR AMSE SYSTESN

4.1 PREVIEW OF THE EXPERIKENTS *

The target of this investigqation was to locate a
feasible method for recoqgnizing a speaker and his spoken

nessaqge (spoken digits) simultaneously. This problem can be

dttacked in two different ways :

1. To recognize the spoken messaqé (or word) in speaker-

.independent mode fcllowed by speaker recoqunition in

gexf—dependent node.

2. To recoganize the speaker in text-independgnt mode,
followed by messagje (or word) recogmition in speaker—
dependent wmode.

Exhaustive tests were conducted with a known digit
recoynition tecnnique based on enerqy, zéro—crossinq rate,
normalized error (of 2-pole LPC model), pole trequencies
(trom 2-pole LPC model), and formants. These features were
Anherently speech sensitive, thereby giving a speaker-
independent nature to this scheme ok recognition. As this

S
approdach 1s inefrfective for automatic speaker recoqnition,
simultaneous recognrition of speech and speaker caunnot bhe
dttempted with these sets of features. The experimental
investiddtions On this speaker-independent Speech

recognition did not contribute to the target of tais thesis.

—31_
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First Section_deals with descripfions of experiments
conducted with a speaker-dependent word recpqnition svsten“
based on 12 th order LBC modei. This approach utilizes
dynamic. programmingqg, time warping and Itakura's similarity
measure for speaker ;nd-diqié recoghition. Second section
contains the descriptions of experiments conducted with
orthogonal parameters (LPCs, DPTs, IPSCs) for speaker
verification (both téxt—dependent.&nd text-independent
modes) and isolated digit recognition. Also the above method
vas investigated with two similarity measures 'average
distance' and 'distance of averages'. The experiments were
extended with different subsets of orthogonal LPC parameters
derived from single digit utterances and the relevént
results are furnisned in this section. Third section
consists ol descriptionus or experiments conducted with
sequences of spoken digits (3 digyit strings, 7 digit strings)
with orthogonal paramater (LPCs, DFTs) analysis. Average
distance and distance ot averaqis computed across digit
string utterances 1n orthoygonal parameter domalnh, also are
investigated. Descriptions of these experiaents and test
results of ortunogyonal parameter subsets for simultaneous
spuaker and digit string recognition are also Lurqished in
this section. Detalled tabulation or all the'tust results
are turnished rn the Appendices (D] to [G].

The Automutic Messaqe and Speaker kecognition {AMSR)

system was developed, Luplemented dud tested using Data
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General NOVA-840 minicomputer and the_uhole experiment;li
set—up.is as shown in the fiqure u,1.
The analog proCessihq paft composed of a tape recorder;

filter set, A/D converter. Digital processing parf wao.s

comprised of Nova-3840 minicomputer, disk storage system (two

drives : one is fixed cartridge, another is removable

cartridqge type), mag-tape storage system, Tektronix hard

COpY unit, Tektronix graphics CRT and line printer.
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‘.u.z | ;lgpsgxgn-ngga!nznr WORD RECOGN]ITION SYSTEHN _- R "
One of‘thg major problems in autoratic message
‘recogoition systehé is the inter-speaker speech differences
and size of the vocabulary. Ah'efficient bypass to this
problem is to use speaker—-dependént automaiic message
recognition systems, where the system is tuned to the
designated speaker. It is for this reason that the initial
autqmatic messaqge récoqnition Systems in practical
applications have all used speaker-dependent type of
recéqnition scheme. This type éf recoqnition scheme requires
prior training by the speakers for each of the vocabulary
entry..Durinq the training phase, reference LPC templates
were generated by using the training utterances and‘uofd
references were stored in the computer library. In Lﬁe
recoqnition phase amny input utterance, after pLe~-processingy
and LPC analysis, was coanpared with reference LPC templates
ot the designated speaker. The utterance corresponding to
the reference LPC pattern which closely resembles the
unknown input utterance LPC.pattern was the recognized
utterance. Figure 4.2 shows the essence of tnis automatic

u&td recognition schene.

i
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Iﬁtra—speaker speech variationsloccuf becauselof differéncgs
in speaking rate even- though the spoken text is same. These
differences in Ehe speaking rates can be minimized by non-
linear deformation of the relative tinme scales of two

utterances.

4.2.0.1 DYNANIC TINE-WARPING

L

Non-linear deformation of time axis is known as 'Tinme-

Warping' and because dynanmic programming approach was

utilized for this process, the technique is known as

'Dynamic Time-Warping'. .
Some sort of normalization is required to fecilitate
the matching process. Liﬂear time-normalization such as
dividing each pattern in time into equal number of
subpatterns will not handle local non-lipnear time variation
within the pattern itself. To deal with this problem, a
method to match a test pattern against all possible elastic
stretchings and sarinkings ot each of the reference patterns
wds proposed by Itdkﬁra. A dynamic proqramming procedure
was adopted to perform the following functions :

1. Time alignment of a test LPC pattern dgainst a

reterence LPC pattern.
2. Multilevel minimizvations of local distances between

each frame of the test and stretchings, shrinkings of

the frames of the reference.
9

"
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3. Accumulation of ninimized local distances at each
| léiel of optimizafion and computation of qlobal
-+ distance between the test . and a referernce pattern.
Figure 4.3 shows 16 level minimization taking place .
recqrsivély, with simultaneous tracing of ainimized warping
path and accumulating Ifakura's distanceIValues ‘along the

path.
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"Thé deiﬁilé of;ﬁvnamic programming and time-warping

procedure are furnished in the Appendix [C].

4,2.1 PROCESSING FUNCTIONS

4.2.1.1 TREAINING PHASE

_All'the training utterdnces ig:@ subiected to pre-
processing steps, foliowed by 12 th order LPC extragtion in
24 msécs.ﬁamminq windowed segments advanced in 50%
overlapping steps. LPC téuplates from second, third, fourth
’and fifth repetitions were time-varped against LPC pattern
of the first utterance. Average LPC pattern from the LPC
patterns of first'utterance aud time-varped LPC patterns of
rest of the training utterances was calculated. This
represents average reterence token for that vocabulary ftem.

Reference pattern R(k) Lor each vord was stored as a
matrix ot the tora

K(k)=[ c(m;k) , b(m;k) 1 tfor m=1,2,...,8(k) ;
k51,2, .,K

wvhere c(m; k) ind b{m;k) dre'the‘modizied parameters of
LPC at the @ th seqment'ut the « th word reterence pattern,
M(X) 1s the number of segments, K 135 the number of word
reterence patterns in tae library.

Element:s of the matrix R({k) were computed usiny the

dveraqge LPC teaplate generated in the training phase.

c(m;k) ilogy(a(m;k) afmn;k})

P
Logy( §) a(mik}a(m:ik))
m=1
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c(m:k) is the loqarfithm of the end pféduct of LBC
vectors of m- th sednent'of'éveraqe LPC token for k th word
., reference pattern (from training phase) . b(m:k)/2 are the
autocorrelation coefficients associated ui£h the inverse
filter of the all-pole m;dél and is a veciqr of the form
(1,b(1),b{2) yeueas,b{12)) for1:21§ th order LEC model.

b(i) =2 ), a(d) a(i+i) /D |
where D is the end p;og;Et of the LPC vectors of the

test utterance.
, 12
D = (a(i)a(i)) = 1):

- =1
This procedure of generating a matrix of numbers

a(i)a(i)

representing the reference pattern was fepeated for each of
the vocabulary iteué(diqits 0 to 9) for each of the seven
speakers. A data base comprising all speaker-word reference
files was generated and stored in the computer disk storage.

An automatic speaker verification system can commit two
types of errors. These errors are known as "false reijection
erroc™ and "ralse acceptance error". If a true speaker's
idedtity claim is rejected, the recognition system commits
false rejection error. If a false.speaker's identity élaim
is accepted the system makes false acceptabce error. Speaker
verification thresholds are established suchk that false
rejection and Lalse acceptance errors are equal.

Two test digits from a speaker were time warped aqainst
correspondiny speaker-digit reference file, thereby forming

intra speaker distances. Similarly two test digits {same and

b
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different text-as in the first case) from all the other

. speakers, vere time warped against the same speaker-digit

reference; These distance values form inter speaker
distances. Each intra-speaker distance value was taken asthe
tareshold at a time and total of falée'rejectioﬁ and false

acceptance errors were calculated. One intra-speaker

distance vaiue giving equal false rejection and false

acceptance errors'uasAéstablished as threshold for that
pacticular input digit. This .threshold generation scheme was
repeated for all other speaker-digit reference files.
Reference tokens containing LPC patterns along with texi—
independent speaker verificatlon thresholds for all the
§peaker-diqits fofm reference data base for the experiment.
This data was saved in the computer storage. Figure 4.4

shows the processing steps involved in constructing Speakef-

word reference templates.
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4.2.1.2" RECOGNITIOB PHASE

donbined'spéaker verification-and digit recoqnit;on.
experiments were conducted using the dynamic time wargping of
Itakura's distanée gppnoach. Test data corresponding to
each of the vocahdlary entries was used to test the system.
A‘similarity'measure known as Itakura's distance wvas
computed in the process of time aligning each.frame of a
test utterance with diffefént stfetchind and shrinking of

frames of reference tokens.

‘ d{n,m;x) = c(m:k) + logf (b{m:k)r{(n)) / (a'(n)e{n))]

where d{n,m;k) is the Itakura's distance between the pn th
seqgment of the test and m th seqment of the k th reference
pattern; c(m:k) and b{m:;k) are components of the reference
.token matrix; a' {n) is the LPC vector of the fdrm
(1,a(0),a(1),..1,a(12)) of the n th seqgment of the test;
r{n) 1s the autocorrelation coetficients vector of the fornm
(1, c{1),..c{12)) tor the n th segment of the test, where r{n)
coefticients are calculated as
J k=

cim) = {1/N) Z si{i)s{i+m) . for m=0,1,<.,12

o

N is the total number samples in the Hamming windowed
segmnent. {a* {n)jr{n)) represents the end product of two
vectors a'(n) and r{n) of the n th seqment of the test digit.

A block diagram of all thd cxperimentdl procedures
conducted in connection with simultaneous verification of

speaker and recognition of the spoken word are as shown in
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the fiquré 4.5. idenﬁity claim of a speaker and a sample
utterance fora inputs to the System; dsinqvthis identity
claim, the algorithm retrieves claimed speaker's all word

reference tokens and corresponding thresholds from the

reference data base. At the same time the test utterance

undergoes pPre-processing and 12 th order LPC analysis in 24
msecs Hamming uiqdoued seqgqment = advanced in 50% dyerlapped
steps. The test utterance LPC‘battern was aligned'aqainsi
each of the referénce tokens of the designated speaker using
dynamic time-warping ﬁrocedure. If the disténce value lies
below the threshold the speaker's identity claimrwas
accepted, otherwise the identity claim was rejected, If the
identity claim was accepted, then the claimed speaker's
utterance corresponding to a reference token giving minimum.
distance from the test LPC jpattern was taken as the
recognized word. If the speaker's identity claim was
rejected no further Processing was carried out for word

recognition.
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Detailed tabulation of results of combined text _
independent'speakec verificati&h and speaker'dependent‘digit
recognition are presented in Appendix [E]. Ovépall total
errors (false rejection and fal;é'géééptance) and overall

recognition accuracies are given in Table 4.1.

Total number of tests for text-independent speaker

- verification = 6120
Total number of tests for speaker-dependent digit
. recognition = 1200
SPEAKER RECOGNITIQOWNW AND DIGIT RECOGHITION
(LPC analysis with Itakura's similarity neasure)
Text-independent speaker speaker—-dependent
verrfication digit recoqnition

Tdtal

errors 794 6l

% Overall

recognition Bu.94 94.66

accuracy *\\

Table 4.1
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4.3 SPEAKER AND DIGIT RBCOGENITION (SING ORTHOGONAL
PARAMETERS - '

It is well known that we Can-identify a person‘from the
sound of his voice, vet we frequently observe that two
different voices sound alike. The variaﬁion in voices has
Bade automatic mgssaqé recoqnit;on difficult,'uhile the
similarities have limited the sucéess of automatic speaker
recognition. ' - —_

The general approach is to extract some acoustic
attributes from one's speech and -compare them with a
.teference set previously stored in the machine's library. If
there is a close resemblance between the test and reference
features, the speaker is said to be recogqnized. In 'text-
dependent speaker recogqnition' where the test and reference
features are optained from the same text material. However
in the 'texf—independent' case, the test and reference text
bear no linguistac relatioﬁship to each other. It is_hecause
these acoustic attributes derlved from speech, not only
signify the inter-spedker variations, but also are functions
of the speecn text. Hence the success ot a 'text-independent
automatic speaker recoghition system' depeads on the
extraction of a set of aqcoustic properties that can
characterize each spedker, independent of the speech gext.

‘ Barlier research conducted by Sambur [5], and Robert E.
Bogner [ 1517, appliéd the metonod of orthogonal measurements

which were sets or LPC3, reflection coefricients, and

logyaritheic area coerricients. They proposed that highly
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accurate speaker verification could be achieved, independent
of speech transmzssxor medium and spoken text. Research
conducted here concentrates on the problem of conblned
speaker verification and digit recoqniticn using orthoqonel
LPCs, Inverse Filter Spectral Coefficients (IFSCs), Direct
Fourier Transform of speech {(DPTs). Also in this vork
_subsets'of orthogonal LPCs were examined for their speaker
seneitive and speech sensitive characteristics.

To find the resemblance between test and reference
templates of orthoqonel parameters, two similarity measures
were utilized. These similarity measures are knowa as

'distance of averages!' and Yaverage distance'. The

computational details of these measures are given below.

DISTANCE OF AVERAGES :

2
d1 = 1 [ ¢ —zn\//l
im i im
chosen subset
of orth.pars.

where %_ 1s 1 th overall average orthoqonal parameter for the
m reference utterance of m th speaker

%; is the i th overall average orthoqgonal parameter for
™ the test utterance of am th speaker.

Aﬁm] is the 1 th eigen value of the reference utterance
of m th speaker.

This similarity measure is computed between overall

dveraqge orthogonal parameters of the test and reference
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htteranées..uverall average orthoqonal parameters of <the

reference is derived from training utterances. Element-wise
sum of orthoqonal parameters is generated across all the

. o el ‘
frames of all the training utterances. Average of these

individual element-wise sums, over all the frames give

. —

ovérall average orthoéonal rarameters. This similérify
measure eééentia}lv brings out the resemblance between the
test and referenee utterancgs in gqlobal or overall average
space, rathef thaﬁ frame-wise space. Non-linear time
warping is not meaningtul, while utilizinq this similarity

Rea SULCC.

AVEBRAGE DISTANCE.:

‘N '
s .
d2 = (1/8 ) Z % r¢ik test - ¢ik ref ] / Akref

1=T:hosen subset
of orth.pars.

where ¥ 1s the total number uvf frames in test or reference
utterance.
ﬂik test” is the k th othogonal parameter ot 1 th Irame of
the test utterance. :
ref’is the k th orthogonal paranmeter ot i1 th frame of
’A~ the Eeference utterance.
X ref"is k th eigen value ot the reterence utterance.

4

”

This similarity measure is computed between framewise
orthogonal parameters of the test and reference utterances.

Frame-vise orthoqonal parameters ot the reference were
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derived from fhe trainiﬁq uttérances. Average frame-wise
orthogonal parameters of all the training utteranceé, fornm
reference pattern of orthogonal parameters. This sinilarity
measure essentially brings out fhe resemblance bgt;gen
écthoqonal parameters of individual frames of test and

reference utterances. Average of these frase-wise orthogqonal

paraneter distances formulate as 'average distance'. Non-

linear time warping of test against reference utteréncgs is

meaningful, while utilizing thisvsi}ilarity measure;l

The aim of the experiment was to find an efficient
scheme for siaultaneous speakef verification and message -
recoqnition. Speech data for the experimeht conprised of
spoken digits 0 to 9 collected from seven speakefs“in"
different sessions. This experiment proceedé in two phases
viz : training phase and recognition phase.

LN

4.3.1 TBAINING PHASE

Five repetitions ot each of spoken digit from each of
the speaker was used to train the system. Total pnumber of
Hamming gindoued segments 10 an utterance was made equal to
30 by changinyg the length of overlap between adjacent
segments. LPC, DFT and IFSC analysis was performed on these
utterances. Covarirance matrix of the individual feétures
from five training utterauces, was generated. Bigen vectors

0t this covariance matrix were calculated. Reference

orthogonal parameters were qenerated by utilizing these

"l
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reference eiqenvectors. In order to conpute two ~. -
similarity méasures faveraqge diétance' and 'distance af
averages'; overali averaqe and frame-vwise overall average
orthogonal parameters were calculated. An overall average
feaiure vectbr vas calculated by summing individual elemenﬁs_
of the vector over all the frames and over all the training
utterances. This was folloued by calculation of the average
by dividinﬁ\the.overall tctal by the total number of frames
in.all the training utterances. An overall average
orthogonal feature vecfor was generated by evaiuatinq a dot
product of the overall average feature vector and reference
eigen vector. Frame-wise overall average feature vectors
were generated by sumﬁinq‘frame-uise feature vectors with
corresponding frame-wise teature vectors of all other
training utterances. Frame—@ise overall average orthogonal
parameters were generated Ly calculatinqsthe dot product of
Ceference eigenvectors and frame—uise overall average
feature vectors. Overall average orthogonal teatures and
overall frame-wise average orthogonal parameters were stored
in the computgr library. Fiqure 4.6 shows the ditferent

processing functions taking place in the training phase.
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‘ CThresholds for text-dependent and text-independent'
speaker verification experiments were generated. Separate

sets of thresholds were generated in each of the feathre

spaces viz : orthogonal LPCs, IFSCs, DFTs.

THRESHOLDS FOR TEXT-DEPENDENT SPEAKER VERIFICATION :

Five.test digits from a ;speaker were compared with the
corresponding speqker—diqit reféfence file. These distance
values fora intfa—speaker'distances. Similarly five test
digits (sanme text as in the first case) from all the
speakers, iece compared with the same speaker-digit
reference. Thege distance values form inter—speakér
distances. Each of the lntra-speaker distance was taken as
threshold at a time and total fdalse rejectionm and false |
acceptance errors were calculated. One intra-speaker
distance giving equal false reijection error and ralse
dcceptance error was estakblished aQ the verification
threshold. Two exclusive thresholds per speaker-digit were
generated for two sigilarity measures. This procedure of

establishing text-uvependent speaker verification thresholds

was repeated witn all the speaker-diglt rerferences.

THRESHOLDS PO& TEXT-INDEEENDENT SPEAKEL VERIFICATION :

Five test digits irod a speakelr, wWere compared with

corresponding speaker—digit reterence file, thereby forming
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intca—speaker distances. SllllaIIY flve test digits’” (saame
and dlfferent text as in the fzrst case) from all the other
speakers, were compared u1th_the same speaker—diqit
'reference. These. distance values form lnter—speaker _
dlstances. Each of the Lntra-speaker dlstance was taken as a
threshold at a tlme and total false rejection and falsei
‘acceptancererrors vere computed. One-intra—speaker distance
giving equal false reqectlon and false acceptance errors uaS'
established as verlflcatlon threshold. Two exclusive -
‘thresgolds per speaker—-diqit were generated compatiblé for
averaqge ‘distance and distance of averaqeé. This praocedure of
computation- of text-independent_speaker ve;ification
thresholds was repeated for all the speaker-diqgit reference
files, | |

The follou;nq patterns were stored in the computer
library as reference data base.
1. Text-dependent and text-independent speaker
verification taresholds.
2. Ovecall average orthogonal parameters {for LPCs,
IFSCs, DPFTs) for all speaker—diqit utterances.
3. Uverall frame-wise dverage crthoqonal parameters

(LPCs, IFSCs, DPTs) for all speaker-digit utterances.
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" 4.3.2 ."‘nxcosn;.: ;o's'.ms_r;‘ _ 3 _ v

| Piqufe‘u.7 shows different p:obéssing.steps involved in
',tﬁe!recdqnition phéée. Identity claim and the sample
utterayce'cdﬁprisihq the test digit, form inpﬁts to{the
systes. Text-independent speaker verification and
simultaneous diqit recoqnition was coﬂducted. Identity clain
uas»useﬁ to reibieve the claimed ébeaker's'diqit reférence‘

- files anmd corresponding text-independent. verification

e thresholds. Orthogonal parameters {(LPCs, IPSCS,,Q}TS) were
derived trom thg'samplé test utterance. TwoO éimilarity
measures Were compuated to fin% éhe resembl:;ce between the
sample uttefance and ciaimed gpeaker'S'reference files. If
the computed distance lies belaw the text-independent
ﬁhreshold, the speaker's ideqtity cliim was accepted. If
-fPe com?uted distance lies above any of the thresholds, the
speaker's identity claiu was rejected and no further
operation was done to recognize the spoken digit. However it
thé speaker's identity clélm vas accepted, the algjorithm
proceeds to recognize tne spoken digyit. The distances
between the sample utterance and the claimed speaker's all
digit files were computed. The digit utterance cocrespondiag

to a reference file giving einimum distance with the sanple

test data was reported as the recognized digit.
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Five répetitions'of test digits (these repetipions vere
different from those ﬁsed for trainian from all ihe
speakers, were used to test the $vstem. In the text- -
independent mode of the experiment five repetitions of all
the speakers of all the.diqits were input to the systenm.
whereas in the case of text-dependent mode of thé
experiment, same digit repetitions from all the speakers
vere used to test the system. Total errors (false acceptance
"+ false reijection) committed by the systen and the
recognition agcuraqy (100‘— S errors)‘were calculéted. This
procedure of calculating total errors and recognition
acc;racv ias‘repeated with all speaker-digit references:' .
The numerical tabulation of text dependent speaker
veritication results are presented.in Appendix [D]. Detailed
numerical tabulations of combined text independent speaker
veritication and speaker dependent digit recognition results
are tudrnisned in tne Appendix [E]. Overall total errors and
overall recognition accuracies for coambined speaker, and
digit recognition systems operating with orthogonal
parameters (LPCs, IFsCs, DFTs, LPC SQDSets) with two

distance measures are presented in Table 4. 2.
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- ‘ RECOGNITION OF SPEAKER AND SINGLE DIGIT UTTERANCES

Total number of tests for. text-independent speaker

verification = 21350
Total number of tests foE spéaker-dependent digit R
recognition - = 3500 -
OVERALL RECOGNITION ACCURACIES (IN %)
(similarity measure : .average distance)
TEXT-INDEPENDENT - 'SPEAKER-DBPENDENT‘
PARAMETER SETS SPEAKER VERIFICATION DIGIT RECOGNITION
subset 4-9 98.12 ‘ 90.14
subset 9-12 97.94 90.40
set 1-12 98.98 94,32
IFsSCs set 1*39\,/) 97.52 r 93.49
DFTs set 1-32 99.46 ) 97.83

OVERALL RECOGNITION ACCURACIES {IN %)
(similarity measure : distance of averages)

TEXT-INDEPENDENT SPEAKER-DEPENDENT

PARAMETER SETS . SPEAKER YERIFICATION DIGIT BHECOGNITION
LPCs subset 1-8 97.28 75.80
Subset 4-9 57.82 85.91
Subset 9-12 98.11 88.66
. set 1-12 98.66 ‘ 93.91
IFSCs set 1-32 97.31 94.97
DFTs set 1-132 97.55 89.88

Table 4.2
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DISCUSSION QF RESULTS

Simultaneous speaker and digit recognition potential

based on single digit utterances is reviewed' here from

" different perspectives.

1.

LPCs. with dynamic time warping, Itakura's distance

vas basically a message recognition aprroach. The

experiments investigating simultaneous speaker and

digit recognition, gave 86.94% speaker verification
accuracy and 94.66% digit recogrition accuracy. This

strenqthens the suggestion that this method of

‘recognition is more suitable for message recognition

than speaker recoqnition, This ¢an be attributed to
the fact that dynamic time warping is an efficient
tool for non-linear template matching, therety
bringing out linquistic similarities better than
speaker discrimination characteristics.

LPCs are known to te mutually correlated. An
orthogonalization step is added to make these
parameters mutually upmcorrelated, thereby bringing
out speaker and message sensitive characteristics.
The experimental 1nvestiqgations with orthogonal LPCs
gave 12.04% better speaker verification accuracies
than LPCs without orthogonalization. However LPCs
{vith Itakura's distance) qave 0.34% better digit

recognition accuracies than orthogonal LPCs.
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Itakura's distance in LPC space, average distance and

distance of averages in orthogonal parameter space

- are compared. Average distance is the best candidate

for sipultaneous speaker and digit recognition
vieupoipt. Average distance giving frame-vise
similafity scores in orthogonal parqmeter space, is a
stronqg and attractive feature as conpared'to‘other
similarity measures. Itakura's distance also
Jenerates frame-vise distance by noa-linearly time
warping the utterances, but in LPC space.

A comparison of performance of simultanesus speaker
and digqit recogqnition systems operating with
orthgqonal LPCs, IFSCs, DFTs, LPCs with Itakura's
distance, is made. Orthogonal DFTs are the best
candidate teatures for simultaneous speaker and diqit
recognition. This can be attributed to the tfact that
DFTs are orthoyonil spectral parameters derived
directly tfrom speech. Bar chart shown in the fiqure
4.8 depicts the performance of different feature sets
in terms of text-independent speaker verification and
speaker erendent dlgit recognition accuraciese.
Review of results obtained with combined recognition
schemes operating with or; ogonal LPC sets 1 to 12, 9
to 12, 1 to 8, 4 to 9 indicates that set 1 to 12 is
the best set fronm simulFaneous speaker and digit

recognition viewpoilnt. This reveals the fact that
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accufaciés improve with increasing munﬁéf sf elementé
in a set, for distance computations for single digit
utierance case. Bafr charts shown in figure 4.9 show
the analysis results obtained with different sﬁbsets'
of orthogqonal LPC features, with single digit
utterances. Pertformances of averaqe'distance and
distance of averages éan also be seen from these bar
charts.

Speaker independent digit recognition using
orthogonal parameters is_not feasible. Hence
initially speaker's identity claim is to be verified,
thgn, speaker dependent digyit recogmnition is to be
conducted. Combined recognition of speaker and
di1qits was accomplished im two stages in tbé
algorithm viz : verlfiéation of the identity claim of
the speaker in text independent mode, followed by
claimed speaker's digit recognition in speaker
dependent node.

Pooling all tuhe best candidates formulates the best
scneme of sloultuneous speaker and digit recognition.
Orthogonal DFTs Wwith average distance gave 99.46%
speaker verification and 47.83% diqit fecoqnition

accuracies.



63

LPCs

- — e

TISV : Text Independent Speaker Verification

SDDR : Speaker Dependert Digit Recognition

PERFOEMANC§ EVALUATION OF DIFFERENT FEATURéS

FOR SIMULTANEOUS SPEAKER & DIGIT RECOGNIEEON

L L e S ek e D D S SN A ek e ew mm Em D e S iy w— e Y w—

Figure 4,8 /

-
@ ' | 0
3 ° 23
100 N
: = 1 &
‘.
95 4 o
50 4
® g
g 8° & = >
g 5. ‘M E ME M
3 & 0 b 5] 3 0
g
9 TR
65 _
T
@ ORTE. LPCs IFSCs DFTs




64
@
N T MYy - - 9
s ¥ 3 3
ST 3 & &
b a
o L]
95 K g
-3
N 90 . .
V.
. o AVG,, DISTANCE
. n 2 %
- H- : €
e 751 g 2 B 2 .
= =1 = =
7} n o a
704
SS'L 5
’ - -
T . _ :
=12 1«8 La9 1=i2 fenture sets
—p
100 | : ‘”_
1 E &
T95‘ ™~
" g. -3
90 ;5 DISTANCE OF AVGS.
385‘
o r & 5’1 ?1 - =}
It [=] ] ] - ] =
o 75 & @ [ (2] (Y 7]
704 ~
g
65 £ n
ol .. l
=12 1=8 be9 1=12 feature sets

TISY 1 Text Independent Speekexr Verification

SDDR 1 Speaksr Dependent Digit Recognition

—_

LPC SUBSET PERFORMANCE FCOR SIMULTANEQUS SPEAKER & WORD RECOGNITION

USING SINGLE DIGIT UTTERANCES

Pigure 4,9




- ~

¢ - S

, 65
4.3.3 g;cx: STRINGS COBRBINRD uxsg;gg SPEAKER.
RECOGNITION rop _

The need for enhancinq the recognition accuracies led
to the investiqatibn of 3 digit sequences'and 7 digit
sequences as input spéech data for ¢ombineé recoqgnition of
speaker and spoken digits. Vocabulary fof 3 digit strings
composed of '387}, Y210v, v777, '888', 1213y, 3877' '037'
and that for 7 d1q1t SttlHQb composed of '2536879' and
'3689“27' respectively. Orthoqonal parameter (LPCs, DFTs)
analysis was conducted on these digit strinq utterances. The
fe;sibility of the proposed algorithm for sidﬁle digit
utterances was investiqated for simultaneous speaker
verification and digit string recognition.

| Here the 3 diqit strings or 7 digit strings were taken
as test and reference blocks of data for recoqnition.
Reference files of ofthoqondl LPCs,orthoqonal DFTs were
yenerated as explained i1n the single digit case,only
ditference being that instead of single digits, digit
strings were used tor each repetition. These digit string
repetitions were used to construct covariance matrix and
eigen vectors. Test utterances {not used in fhe training
phase) were used to construct test digit strings. Test digit
strings were used to calculate text-depéndent and text-
independent speaker verirication thresholds. Text-
dependent, text-independent thresholds, overall average
orthogonal pdarameters, overall frame-wise average orthogonal

parameters were stored as reference data base in the
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compute;. Experiméntsifor combined text—independent‘speaker
verification and spéaker-dependent digit string recoqnitiog
ﬁere conducted, Détailed numerical tabulation of results 6f
conbined_speaker and 3 digit string recoqnitioq experiments
are‘presented.in Appéndix [F].‘ Detailed nunerica{f_
tabﬁlation of results of combined speaker and 7 diqit strinq.
recognition experiments aré furnished in Appendix [G].

—?Gtal errors (false accehtanca + false reijection errors) and
overall recoqnition accuracies for 3 digit and 7 digit
string utterances are presented in Table 4.3 and Table 4.4 -

respectively.

-]
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BECOGNITION OF SPEAKER AHD 3-DIGIT STBINGS

Total number of tests for text-independent 10535 (for LPCs)
. speaker verlflcatzon 1995 {for DFPTs)

Total number of tests for speaker—dependent 1715 {for LECs)
digit string recoqnltlon 315 ({for DFTs)

OVERALL RECOGHITIOH ACCURACIES (IN %)
.51m11ar1ty measure ; average distance)

) TEXT—INDEPENDERT SPEAKER-DEPENDENT
PARAMETER SETS SPEARER VERIFICATIOR DIGIT BECOGNITION
LPCs suybset 1-8 ) - 99,40 . 95.30
: subset 4-9 98.40 o 87.10
subset 9-12 97.90 76.20
set 1-12 59.30 91.30

DFTs set 1-32 . 99.60 160.00

OVERALL -RECOGNITICN ACCURACIES (IN %)
(Ssimilarity measure : distance of averages)

TEXT-INDEPENDENT SPEAKER—-DEPENDENT

PARAMETER SETS SPEAKEE VBRIFICATION DIGIT RECGGNITION
LPCs subset 1-8 38.70 - 83.20
subset 4-9 98.10 17.70
subset 9Y-12 97.40 71.40
set 1-12 99.40 . 87.20

DFTs set 1-32 97.30 58.20

Table 4.3
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. 'RBCOGNITION OF SPEAKER AND 7~-DIGIT STRINGS

Total number of tests for text-independent 910 (for LECs)
speaker verification 450 {for DFTs)

Total number of tests ror speaker- dependent 140 . (for LECs)
digit strinq recognition 100 (for DFTs)

OVERALL BECOGHITIﬁN ACCORACIES {IN &)
(similarcity measure : average distance)

-

L— TEXT-INDEPENDENT . SPEAKER-DEPENDENT
PARAMETER SETS SPEAKER VERIFICATION DIGIT RECOGHITION
LPCs subset 1-8 100.00 100.00
subsét 4-9 100.00 ' 97.86
subset 9-12 92.53 B 88.57 -
set 1-12 93.68 , '95.00

DFTs set 1-32 100.00 . .100.00

OVERALL RECOGNITION ACCURACIES ({(IN %)

(similarity measure : distance of averaqes)
TEXT-INDEPENDENT SPEAKER-DEPENDENT
PARAMETER S53ETS SPEAKEER VERIFICATION DIGIT RECOGNITION
LPCs subset 1-8 98.57 73.57
subset 4-9 Yh.27 64.29
subset 9-12 90.00 6d.71
set 1-12 ¥y5.43 6b.43
DFTs set 1-32 99.11 70.00
Table 4.4
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'4.3.3.1  DISCUSSION OF RESULTS '
. .These'experiﬁehtal investiqations on -spoken digi;.
strings may be treated as preliminaf}, as Ehé'speeéh data-
‘base (digit strings 387, 210, 777, 888, 213, 877, 037,
3536%79, 368§427),uas not statistically large enouqh‘to
establish generalized coamclusions. Computer disk spaée and
memory space problemsmfér accomddating largef:nuﬁber of
diqi£ strings restricted the invest;qation to only limited
digit sequélce vocabulary. - | 3 e
Simultaneous speakér,ve:ification acd digit strinq‘
recognition potentialqbv different methods is reviewed here.

1. Performance of combined recoqnition s?stems operating
with average distance and distance of averages is
compared. Averaqe distance gave the best performance
from simulianeous Speaker and digit recoﬁnifion
accuracy viewpoints.

2. TFeature-wise reviev of performance indicate that both
LPCs and DFTs (in orthogonal parameter sppce).qa;e
identical Speéker veritication accuracies, for 3
digit and 7 digit string utterances.

3. Performance evaluation of orthogonal LPC parameter
subsets is conducted. Both sets 1 to 12 and 1 to 8 .
gave ldentical speaker verification pecformance
(59.3% and 99.4% respectively) for 3 digit string
utterances. In the case of 7 digit string utterances

a .

orthogonal LPC subset 1 to 8 gave the best
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;5—_——. ) ‘. _'\ - : .
j ' performance (100% text independent speaker
verificétion) as compared to other sets and_suhseté.

! This reveals the fact that least significant eight
i .

orthogonal LPCs are adeguate lo'reprgsent'speaker

i
| characteristics, especially ih the case of utterances
‘ longer thamn single digits. t
4, Bxﬁerimental résults reveal that machine's capability
to recognize some speakers‘and their spoken digits,.
¥as uniformly betfer thar that of other speaker-
digits. Speaker—uisé perspective of improvement of
te?t dependent{\iext independeﬁt_speaker verification
and speaker dependent diqit/diqit strinqg recognition.

accuracies are shown in the graphs in figures 4.10,
The letters at discrete

4.12 respectively.

4.11 and
points indicate the speakers. The remaining speakers

-mot appearing in the gqraphs, uniformly gave 100%

accuracles.
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Perfbrngnce of different subsets of orthogonal LECs for
coabined speake; and digit string recognition are depicted
in figures #4#.13 and &4.14% in the foram of bgr charts. Pigure
4.13 shovws the performance of éveraqe distance and distance 
of averaqges with different subset; of orthbqﬁnal LPCs for 3
digit string uéterahcas. Piqure 4.14 depicts the péffornance
of average distance and distance of averages with different
subsets of orthoqonal LPCs for 7 digit string ﬁtterances.
Fiqure 4.15 shows the efrect of diqit strinqgs on text

independent speaker verification with orthoqonal parameters

(LECs, DFTs).
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. Chapter V

SUMBARY ARBD CONCLUSIONS

In this work,'the development of a coabined speaker
ﬁerif@cation and diqii récoqniti;n ﬁvstem that would operate
with LPCs; orthoéonal‘parameters:(LPCs,IFSCs,DFTs) for
sinqle diqit utterances vere investiﬁated. The development
of a simultaneous speaker verificatibn and digit string
coqnition with orthoqonal_parametérs (LPCQ,DFTS) for digit
stri\ng (3-digit and 7-digit) utterances was also.
inves 'qatedQ Eftectiveness ot Ifakura's distance with LPECs,
.distance'of aieraqes and éveraqe distance {%th’orthoqonal
p;raneters vas investigated in these experiﬁénts. Alsao
orthogonal LPC paramgter subsets were investigated for
speaker sensitive and speech sensitive characteristics, for
single dargit anmd digit string (3-digit, 7-digit) utﬁeraaces.

The conclusions based on this work described above can

be briefly stated as follows :

1. PARAMETERS FOR SIMULTANEOUS SPEAKER AND DIGIT RECOGNITION:

‘} Orthogonal DFT parameters derived from spoken digits
gave the hest combined speaker and digit recognition

performance. lmprovement in Text Independent Speéaker



'
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verification (TIDSV) and Speaker Dependent Digit Becognmition

(SPDR) obtained with orthogonal DFTs as conpared to

orthogonal LPCs, IPSCs is given below.

~F-daigit 3-digit 7=digit

TIDSY SDDR  TIDSY SDDR  TIDSV  SDDR
LBCs  0-88  3.51  0.28 5.54 1.32  5.00_
IFSCs 1.94  _4.34

2. PARAMETER SETS FOR SINULTANEOUS SPEAKER AND DIGIT

RECOGNITION :

-

Examination of different subsets of orthogonal LPCs revealed .

that neither speaker verification nor digit recoqnition
accﬁ:acies imp;oved by using subsets of'orEhoqonal LPCs. On
'the other hand the speakér verification and digit
recognition accuracies were hiqher with the whole set 1 to
12, than those obtained with subsets. The following table
sunmarizes the impcdvement of Text Independent Speaker
Verification (TIDSV)} and Speaker Dependedt Digit Recognition

(SDDR}) accuracies obtained with set 1 to 12 as compared to

those obtained with subsets 1 to 8, 4 to 9, 9 to 12.

- 79

o
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1-digit I-digit ’ “T=-digit _
TIDSY SDDR - TIDSV  SDDR TIDSV  SDDR."
1-8 0.95 10.2 0.48 -0.98 -1.98 -6.06
4-9 0:85 6.1  1.26  2.50 -0.66 -0.72
9--12 0.79 . u.ﬁ 1.59 8.43 6.0"‘ 6-08
Table 4.0
-,

Negetive entries in the case of subset 1-8 for 3 digit, 7
diQi; string utterances, indicate that'subset 1-8 gave

better performance than set 1 to 12.

‘3. SIMILARITY MEASURES FOR SIMULTANEOUS SPEAKER AND DIGIT

HECOGNITION :

Experimental results revealed that ''average distance!
as similarity measure oifered the best speaker verification
and digit recogoition dccuracie;. Tﬁe tollowiny table
summarizes the improvement in Text Independent Speaker
Verification (IIDSV) and Speaker Dependent Digit Recognition

(SDDR) accurdcies obtained by 'average distance! as compared

to 'distance of averages'.
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. 1-digit  3-digqgit 7-digit’
TIDSV- SDDR TIDSV  SDDR TIDSY SDDR

'0,626_l 4.85 0.574 0.573 2.466 - 29.28

Table 4.7

4. EFFECT OF ADDITIONAL PBOCBSSING STEPS :-

Addition of pre-emphasié in.the-p:e—processinq'functions,
remarkébly improved text dependent and text independent
j%peaker verification accuracies. Average increase Kin.%) of.
text independent and text dependent speaker verification P

.accuracies vwere 6.675% and 7.92% respectively, with pre-

eephasis function.

5. EFFPECT OF DIGIT STRINGS ON SPEAKER VERIPICATION ACCURACY:

Machine's ability to verify the claim of a speaker is
enhanced by using digit string uttefances..The folloiinq
table summarizes the Text Independent Speaker Verification
(TIDSV} accuracies obtained with sinqle digit, 3 digit, 7 ~

digit utterances.



1-digit 3-diqit T-diqit
TIDSV TIDSV TIDSV
LECs 98.5% » .99.4% 100%
(1-8) : - : :
DFTs 99.5% : 99.6% 100%
Table 4.8

6. METHOD OF COMBINED SPEAKER AND DIGIT RECOGNITION :
After exnaustive tests and studies with different
feature sets, subsets, similarity measﬁres and combhinations

of these, it is found that the folldwing approach is
feasible.
1. Verify the speaker based on 7 digit sequence
utterance in text independent mode, with orthogonal
DFT paraneters and average distance as similarity
measure. Store the individual digits until the
speaker's identity i1s confirmed.
2. Perform speaker dependent digit recognition, uith
orthoqonal DFTs, to recognize éach of the spoken

digit in the sequence.



1.

SUBHARY OF CO ATEIBOTIONS

An alqorxthm for sxnultaneous Speakerlverlflcatlon
and digit recognition using single set of features
vas developed and tested.

sPectrai parameters obtained by direct Fourier
transfora caiculaéions onlépeech vere shoun to be
.eff1c1ent features for simultaneous speaker and dlq1t
rec0qn1t10n.

Averaqge distgpce computed across an ﬁtterance was
shown to be a pofential similaritv measure for
combined speaker and digit recoqni;ion.

Speaker verification accuracies more than 99% were
shown to be feasible with the proposed algoritha, on

digit string utterances.

- 83 -,
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FUTURE DEVELOPHENTS

In this section future directions to realize a highly

‘efficient combined speaker and word recoqnition systems are

discussed. Use of speciraly heqnianul feature sets, new

decision’ strategies are also stressed.

1. Use of cepstrum analysis :

Cepstrun anal?sis in speech research seeks to achieve
deconvolution of three signals viz: impulse train, glottal
impulse Cesponse, vocal tract impulse response, for voiced

sounds. This deconvolution property can be utilized to

advantage, to 1solate vocal-trdct Lmpulse response thereby
localizing speakqﬂrsensitive [271 and'messaqe Sensitive
intormation in input speech. Hence cehstrum analysis could
be a promising tool for a simul}dneous sSpeaker and word
recognition.

nt

2. Universal combined speaker & word recoqnition system :
Need for universal recognition system would be

tulfilled if some technique of combining different speakers'

training utterances to torm unpiversal (speaker-independent)

rereren%e tokens corresponding to wach vocabulary entry.
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Forming govaridnée matrix~uith‘di£feéent speakers!' training
utterancggfof b§ using well known clus£erinq-techn1queé‘
r29,30,20i, could be?inwestiqated-for Jenerating universal

B -
references. b

1 .

_(_’ 3. Language-independent combined recogqnition system :

*

Lanquaqe-independent recoqnition could be feasitle by

Itakura's time warping technique or with orthogonal

-

parameters (LPCs, DFTIs) with average distance as similarity
meésure.Here only requirement vould be to to train the

' system with the relevant -language utterances.

4. Butomatic receganition cf emotion, intodatiou, stress,

v

health of the talker :

Thorouga 1nvaestigations 1nto i1nftra-speaker tuature -
vavrlations from coatext to context would detinitely throu

light on this problen. Intra-speakoer speecn Jdifterences are’

.

mainly caused by caotianal, stress and hcaltn'tactdﬁs and i1t
‘ . N . . L s
Al automatic systean Ls given the intelligence to detect

these ractors, it would pe really fascinating.

)

S. BEunancement of Jecision strategy :

Additiron oL more reterences pel vocabulary entry, for a

designated speaxer, and using s—Nearest-Neigabour rtule for

decision strateqy would not only make the dutumath-

v
*+
>
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recoqnltlon svstem context-free hut also hlthy accurate.
Intelllqent poollnq of results froam different feature sets
and subsets and parallel ptocessinq approeaches would
definitel§ énhange the speed and rformance of these

L —
systems. .

L »
- 6. Recognition independent of eanvironmental conditions :

e

Human uord recaqnltlon abilities are remarkably

a

tolerant of nacquound noise, conversation can be understood
even at a noisy party. No existing automatic .recogpition can
approach this level of perfofmance.lSome parameter
normalization techaniques could be investigated to accomplish
this, viz : amplitude normalization, ndrmalization of short-
time spectra with respect to long-time spectra, spectral

channel contour snoothing.

7. Adoption ot taese.recognition techniques for cursive and

Signature verification :

Instead ol acoustlc.microphone, 1f a transducer to
transform script and sighatures to equivalent electrical
signals is availlable, probably these recoqnition techniques

could be Lnves thdted tor this application.

—
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8. Real-time combined speaker 'and uordirecoqhition svstemg H

Avail§bility df spécial purpose d§ta processors capable
of déalinq Gifh 51inifiqanfl} higher data rates than general
purpose computers, it would be feasible to realize a real-
tiné AMSR svstep. Dynaﬁic time aliqnm;nt SChemes requiring
extrq computatio@ can be bgnefited by speéial purpose data-
processors, and availability ot FET Processors, .pre~

. . . , , .
procesSinq hardware plocks, implemehtation oé sone paraileL .
process;nq schemes for q;fferent feature'examinations,
pooling of recoqniﬁion results from diffeteqt pardmetér éets-
and spbsets, coupled witn soitware module for deCLSioﬂ

making, @eould lead to a real-time combirned recognition

system.




Appendix A

WORD END—POINT DBTBCTIOI ALGORITHAN

The Plébrithm for findinq.the beginning point initial
estimate is showd in fiqure 4.16. The algoritha begins by
searching from the' beginning of the interval unti; the lower
. threshold is exceeded. This ﬁoint is preliminarily labeled
the beginning-of the utterance unless the enek&v'falls below
ITL before it rises above ITU. Should this occug, a new
beginning point is obtained by finding the first point at
thch enerqy eiceéds ITL, and then exceeds ITU before

falling below ITL.
) \
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Flow chart for the beginning
point initial estimate based
on energy considerations.
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A similar algorithm as shown in fiqure 4.17 was used to
-define a preliainérv estimafe of the end point.The utteranceq
within these initial estimates of beqin and end pqints are
dénoted as N1»and Nz'respectiiely. The alqgorithm proceeds to
examine a- 250 nsecs intervyal ‘precedinqg the initial beginning
poiut,‘and counts the numbher of tiies the zero crossinq:rate
exceeds the thresﬁold IZCT. If the nther of times the
threshold'ués exceeded was three or more, the stértinq point
vas set back to the first pcint at which the threshold was
exézggsﬁ$\0theruise the beginning point was Kebt at N1.a
similar sé}rtﬁ prbcedure'nas used on the end point of the
utterance to determine if there 1s unvoiced enerqgy in the
integval from N2 to 2504mseés succeeding the initial
estipmate onfé;d point. The end poiunt was readjusted based on
the zero Gféssinq test results in this interval. Fiquce
4.18 shows the overall‘tlou chart for the word end-point -

detection algorithm, describing individual operations at

¢acn level.
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Appendix B

LPC CALCULATIONS

Prediction errorK:
e(n) = s{n) - s' (n)
where s' (n}) is n th predicteé sSpeech sample.
s(n) is n th acgudl speech sample .
. ' 1
and s'{n) = - z ais(n-L)
A 1=1,2,...,;_;efine predictor coefficients.

Mean squared prediction error :

nit.
E= ) e2(n)
11:{10 1’ 2
= [ s(n) - Z a;5(n-1) 1]
n=ho s i=1 5
= { diS(D_i) ]
11=‘nO i=0
= 2 dis(n—i)s(n-'])d'. '
n=nd1320 j3=0 1n1 J
Detlining ., . = z s(n-1)s(n-7j) ,
Py *Jd n=ni
E = z dlcija
1=0 j=0 g,
(BF:/aak) =0 =2 2 2%k
i=0

P unknoiwn predictorc coeflicients [ai] dare obtained by
solving tuls set of P linear simultaneous equations. cik
e1=0,1,..,P; k=0,1,..,P' are derfined from the speech data.

Two methods tor LPC danalysis emerge out of consideration of

ditferent limits of summation and the definition of the
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waveforn seqnen£ é(h), Qﬁ;&fiancé nethdiné defiﬁed-bv |
setting n0=P and:n1én-J so that the error is minfhized‘only
over the interval [P;N—1].énd all N.sbeech saiples aré_usedk
in ¢a1§u1atinq ghé coﬁaridﬁcgimgérix elenén#s gu; .The
antocorrelation method ié'defineﬂ'by setting nd=—® and n1$OO
and defininqls(n)=5:foc n<0:and n;N; Defailed mathematical

roraulations are as yiven in the next paqe.



[

-cid'= ng_ms(n-i)s(n-1)’ )
<., S(n)s(n+[i-1)) .
= Nol- M=dlin) s (v [i-1)) -

n=0 : ‘ ‘
= r(i-1])

Covariance method :

Solve
i .
a, C = =-C..
127 i1j3 0j
for 3 = 1,2,...,P
vhere
%31 .
o = s{n—-1i) s{n-1)
1j n=P
wvith error
X
e(n) = a, s{n-1) (a. = 1
1i=0 i 0
n=2=e, P+tl,...., N-1
Autocorrelation method :
Solve
P .
Y acdi-iph = -rh
i=1
for 9=1,242..,P
where N—1-1
r(l) = s{n)s(n+l) (L 20
n=
wvith error
)
ef{n) = a, s (n-1) (a_. = 1)
iZo i 0

for n=0,1,ec.,N+P-1

94 -



—
-
Appendix. C . “
DYNAMIC TIHNE WARPING

Speech can be represented as a sequence of teature

vectors :

:C=.a..1'a.2".- 'am'cca}{

D=b1,b2,..,by,--by - , |

Consider the problea of eliminatin& timiny differences
between two speech patterns. In order £o clarify the nature
of time—axis tluctuations or timing differences, let us
consider a '®m - n' plane, uhece'pétterns C and D are
developed 1long m th axis and n th axls respectively.

The timing differences b=tween two udtterances can be

}
depicted vy a Sequence Of MAppLng points

Faw (1), w(2) puesw (K}, -av(K) - ' //”\7

waere wlk)y={m{k),n(k))

Thls sequence can be consldered to represent a function
which approximately realizes a mapplng trom the time—-axis ot
a pattern € onto tuat ot 4 pdtteru D. Locus of these

sequence of points 1s alfo cialled as 'warpling function'.
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When there iS no timing difference between these two .
patterns, the varpinq_fuﬁction goincides with the didqbnal
line m = n, It deviates furthe;rfron‘the-diaqonal line as
the tininq.difference grows as shown in the fiqure 4. 19.The
uarpiﬁq function becomes a straight line~6f slopé ‘2 and 172,

vhen the timing of the test utterance becomes half and twice®

that of reference utterance, as shown in the fiqure 4.20.

£

-
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‘The warping function w(k) must satisfy a set of
boundary conditions at the endpoints of the utteramce. - g
Typical assumption is that both the initial and final poipts

of the test and reiference utterances are in time alignment

i.e.

Ml=w (N1} ————-—-————~(1) {a)

BRIt ] e —— (1) {b) -

A more sophisticated approsach to time-warping is to
constrain the warping function to satisfy a set of

continuity conditions :

wi{n+1)-w{n)=0,1,2 for w{n)#w(n-1) ——~———- (2)(af

=1,2 for w{a)=w(n—-1) ———==—o- (2) (b}

These equations require that w(n) be nonotonicaly
increasing vwitu a maximum slope of 2 and minimum slcope of
1/2 except wnen the slope at the preceding frame was zero,
in which case the minimum slope was made equal to 1. The
boundary conditions of (1) and continuity conditions of (2)
constrain the uarpinq-tutction to lie wWwithin a parallelogranm
in tbé (n,m} plane as shown in the fiqure 4.20.The vertices
of the pdrallelogram A d4ud B are calculated as the

intersections of the lines
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2{n-1) and Coa-m = (n-8) /2 " for point &

B
I
-
n

{1/2) (n-1) and w-M = 2 (n-W) for'point B;

A similarity measure (Itakura's distance) must be
defiged for ever§ pair of points (n,m) within the
parallelogram. An optimum path 'w' can be calculafed by
means of dynamic prograkming tool. nujl.ti—level minimiz‘atio&
at different stretchings and shrinkings of. time-axis of ‘U,iﬁ
reﬁerence patterans, aﬁd simultaneous accumuldtion of
distances along the warping path is achie recursively as

yiven in this iformula.

f}D(n+1,m)=d(n+1,m)*min(D(n,m);q(n,m), S{n,o-1), D(n,m-2))

{ where g (n, m

1 tor w(wyéw(n-1)
q . .

fl

o for wi(n)=v (n-1)
and " d {u, m) and D(n,m) are the local and accumulated distance *

between n th frame ot tne test and m th frame 0L tne retference.

The glopal distance betweon the test and reterence
utterance 1s the ifinal solution D = D(N,M) at tinal point

1t the recursion.
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Appendix E

TABULATION OF RBSOLTS (SINGLE DIGIT BIPBRI!IBN‘IS)

COMBINED 1EXT INDEPENDENT SPEAKERKR VERIFICATION AND

SPEAKER DEPENDENT D1GIT RECOGUNITION
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Appendix F

TABULATION OF RESULTS (3-DIGIT STRING
- EXPBRIMENTS)

COABINED TEXT INLDEPENDENT SPSAKER VERIFICATION AND

SPEAKEK DEPENDENT 3-D1GIT STHING HKECUGNITION
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Appendix G

TABULATION OF RESOLTS (7-DIGIT STRING
EXPERINENTS)

COMBINED TEXT INDEPENDENT SPEAKER VERIFICATION AND

SPEAKEK DEPENDENT 7-DIGIT STRING RECOGNITION

D
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