THE RELATTIONSHIP OF WORD POWER AND NOISE-MASKED
GAIN FUNCTION PARAMETERS

TO THE INTELLIGIBILITY OF WORD SETS

A THESIS
Presented to the
Faculty of the Graduate Division
by

(teorge Boltz Hawthorne, Jr.

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

in the S8chool of Electrical Engineering

Georgia Institute of Technology

Decenber, 1962



55
12K

THE REIATIONSHIP OF WORD POWER AND NOISE-MASKED
GAIN FUNCTION PARAMETERS

TO THE INTELLIGIBILITY OF WORD SETS

Approved :




DEDICATION

This thesis 1s dedicated to my wife Ethel, whose patience and

encouragement made its completion possibles,

ii



#id

ACKNOWLEDGMENTS

The author is irdebted to his thesis advisor, Dr. B. J. Dasher,
for his generous assistance and encouragement throughout the course of
this investigation. Tke author alsoc gratefully acknowledges the equip=-
ment and facilities made available to him by Georgia Tech's School of
Electrical Engineering and Engineering Experiment Stetion. Staff members
of the latter, particularly in the Rich Electronic Computer Center, the
Communications Branch, and the Special Proklems Branch, are due thanks

for their support during the experimental phase of the study.



TABLE OF CONTENTS

ACKNOWLEDGMENTS . & o « o s o o s o o o o

LIST OF TABLES ¢ & « & o « & & ¢ o % o oo
LIST OF ILLUSTRATIONS ¢ o & « « o o o ¢ =
SUMMARY . o o o o o « a s o s o s & s o
CHAPTER

I. INTRODUCTION « © o o« « & « o o o =

IT.

ITT.

Statement of Objectives
Summary of Results
Background

FORMULATION OF PROBLEM IN TERMS OF

Nature of the Threshold Approach
Thresholds and Gain Functions

THRESHOLDS

The Effect of Intensity Differences

Mathematical Formulation
General

Definition of Signal/Noise Ratio
Formulation for Step-Like NMGF's

Formulation for Broad Threshold
Modifications for Various Cases

EXPERIMENTAL INVESTIGATICON OF NOISE-MASKED GAIN

FUNCTIONS .+ & « v & & w

General Approach

Regions

- a .

Power Measurements and SN Calculations

Articulation Tests

lioise-Masked Gain Functions and Their Parameters

PREDICTION AND SHAPING OF ARTICULATION CURVES

Application of Prediction Schemes to Master Set

Subset Tests

Shaping of Subset Curves
Prediction of Subsen (Curves
Discussgsion of Results

iv

Page
111
vi

vii

13

57

76



CHAPTER

VD

VI.

APPENDI

A,

B.

C.

TABLE OF CONTENTS (Continued)

SUBSIDIARY RESULTS v « » @ % » = o = o @
Energy, Duration, and Power Distributions
Reliability of 3cores

Distribution of Subjective Word Parameters
Comparison of Lilsteners

CONCLUSIONS o @ L L] L o - L L o L] L L) o o
EEE & 2 o % mimom # = & % @ W@ ow & » »
PREPARATION OF TAPES . ¢« « & o o o o o &
ARTICULATION TESTING PROCEDURES . o « « &

DEFINITIONS OF SYMBOLS . . + + & « o .

BIBLTOGRAPHY & & « w woom & u % % % oo & &

VITA

Page

128

159
161
162
172
188
191

194



Table

=

10.

11.

12.

LIST OF TABLES

Master Set of Test Words . . & & & ¢ o o o &
Experimentally Determined Values of Duration, Energy,
Power, and Signal/Noise Ratio for Words and Masking
Noise In the Master Seb . « o & & ¢ 4« « o &« ¢ o o & o =
Values of Group SN Computed from Various Definitions .

Noise-Masked Gain Function Parameters . « « &« o o o « =

Tabulation of Errors between Various Curves for
MEBESE B8T oo o & + % wooe o w w m w @ @ s o e & & @

Composition of SWOBEES wow w o o & % @ % % % & & & 3 &

DB and Score Errors between Various Curves at the
5 O Pe r Cent Leve l 9 a o - - - - o L o - - a L - a - a Ll

Maximum, Average (Over Three Listeners), and Team
Values of Error Magnitudes at the 50 Per Cent Level .

Slopes at 50 Per Cent Level, in Per Cent per DB, for
Various CUIVves o+ & & % % & % & & & 4 » % @ % & &

Ranking of Words by Energy and Duration . « + « =« « s &

The 90 Per Cent Confiderice Intervals for Several
Articulation Curve Points . . o o o o o & o s = & o o =

Variation of @ with Size n of Common Vowel-Sound Groups

vi

Page

b

50
56
Te

91

108

109

112

135

136

141



vii

LIST OF ILLUSTRATIONS

Figure Page
1. Block Diagram of Articulation Test « o « o o o ¢« o & o & 6
2. Articulation Curve for Words in Noise . & & & o & s o o 9

%, Step=Like NMGF & 5 5 o o & & 5 4 ¢ % @ & o 58 & 4 & » 10 o= 2L
L, Distribution Functions for £ and £' . o o o o o s o o & 26
5. NMGF and Piecewise Linear Approximations . . o « &« « o = 30
6. NMGF's with Negative Slopes in the Test Range . . . . . 335

T. NMGF with Negative-Slope Linear Approximation and
Reversed Step Approximation in Test Range .« - = - o = o 3l

8. PRlock Diagram of Word Timer and Energy Meter . « - « o o Yo
9. Egquipment for Measuring Word Duration and Energy . . . » +3

10. Voltage Waveforms at Various Points of Measurement
SYSLEM o o o o 2 « a 8 o o o« s o o o o = o s a a # 8 8 @ Ll

11. Illustration of Squaring Accuracy of SqQUATET o o « = = o 5k

1l2. Block Diagram of Articulation Test Equipment . . « « o 61

1%3. Examples of Noise-Masked Gain Functions . . « « « « o« & 65
1k, Lirear Approximations to Noise-Masked Gain Functions . . 68
15. Step Approximations to NMGF'S o & o o s o o s s o s & 70

16. Histogram for Magnitude of Linear Correlation
CHEOPICAEER & o o @ momas m # % m ten oo fes s ® m 8 W s 75

17. Experimental and Predicted Values of Word Score for
JB [MRSEEE BEE)Y & o www s ¢ 5 % % @ w @ & 8 v 6 W ow 78

18, Experimental and Predicted Articulation Curves
fOI’ ETB (MaS‘EEY‘ Set) o o o a a o o o Ll o o a o a o o o o 80

19. Experimental and Predicted Articulation Curves for
W PMEssr BEE) + o mo e o & % % o omomom w o® % » e ow e 81



Figure

20.

2l.

22,
230

21.L0

25,

26.

27,

28.

29.

500

31,

32,

LIST OF ILLUSTRATIONS (Continued)

Experimental and Predicted Articulation Curves
for NS (Master Set) . o v o o o ¢ 2 o s o o &

Experimental anc Predicted Articulation Curves
for Team (Master Set) « o o o « « o o &« o & &

Experimental Articulation Curves for Subsets A and

Experimental Articulation Curves for Subsets G and

Histograms on ¢ and A for Various Subsets and
LISEEHCTE w o & % % w0 o woowm & o & & w0 e e 6 4

Histograms on ¢ and A for Various Subsets (All
TigtenePs ) w o & ¥ % @ 5 @ & & ¥ 5 & @& W e @ &

Experimental and Predicted Curves for Subsets A and

B, Listener dB . . o « 2 o o s 2 & 2 @ » = o

Experimental and Predicted Curves for Subsets G and

H, Listehe? JB « o + o 5 s o » # @ % w o e @

Experimental and Predicted Curves for Subsets A and

By Listener Wi « 5 4 5 % & @ o 8 5 & % &% &

Experimental and Predicted Curves for Subsets G and

Hy JHBUEREEWN o o 2 » wnomomin o % = m oo w

Experimental and Predicted Curves for Subsets A and

B, Tdstener W8 o o # o w0 owce o o o« @ % cer e e o

Experimental and Predicted Curves for Subsets G and
H

I, Listener NS ¢ ¢ 4 % w @ @ & & 5 & % & % & 4

Experimental and Predicted Curves for Subsets A and

B, Listening Tean . . . « o « o o o o o s o »

Experimental and Predicted Curves for Subsets G and

By 1isEering Telil o« « o o wow w o & 4 o
Variation of Score with SN . . . . . . . .
Histogram for w, Master Set . . ¢« & & & &

Histogram for T in Milliseconds, Master Set .

o

©

-

0]

°

Page

82

83
92
93

g5

99

100

101

102

103

105

106
120
130

130



Figure
37
38.

40.

41,
k2.

L3,

L8,
Lg,
50.
51.

52,

55

1B.
2B e
5B L]

LB,

LIST OF ILLUSTRATIONS (Continued)

Histogram for Word Power p, Master Set . . . . .
Histogram for Word Power P, in DB, Master Set . .
Distribution Function for Word Energy w, Master Set

Distribution Function for T in Milliseconds, Master
Pef 5 2 55 R IE.a £ 3B EBERS E B

Distribution Function for Word Power p, Master Set
Distribution Furction for P in DB, Master Set .

Histogram of Valid Values of Threshold, for All
Listeners ¢ 4 &« % @ @ # 3 5 # & & %% & 8 » &

Histogram of Valid Values of Spread, for All
Listeners . . . o o o o o o o o o o o s o s »

Average A versus Average ¢ for JB, WN, and NS .

Average Spread versus Average Threshold, for Team

Comparison of Average Prediction and Predictilon Using

Average Thresholds . o« o« ¢« « o o o s o o 2 s o =

a

Histograms for Threshold and Spread, Various Listeners

Threshold Distribution Functions for JB, WN, and NS
Spread Distribution Functions for JB, WN, and NS .
Histograms for Rank-Order Differences in Threshold
Histograms for Rank-Order Differences in Spreads
Histograms for Magnitude of Correlation Coefficient
Typical Matter Tape & w « » % 5 % @ o w0 & & & %
Listener Score Sheet & v «c o o a % % % & & & » %
Learning Curve for Listener NS . . o o s o ¢ o o
Learniing Curve for Team . . « o =2 o o o o » o

Iatin Square of Tape Numbeérs « « o o o o o = o

o

o

Page
131
1=l

132

132
134

134

139

139
142
1hi

178
182
185
187



SUMMARY

Conventional articulation test procedures as described, for exam-
ple, by Egan have been widely used to measure the intelligibility of
speech and the performence of speech communication systems. Such tests
consist basically of passing a set of speech ltems, such as syllables,
werds, or sentences, through a tramsmission channel and rresenting the
channel output to a group of human subjects {(listeners). The percentage
or fraction of speech ibems correctly identified by the listerners is
known as the articulation or articulation score., In the case where
words are used as speech items, this quantity is referred to as word arti-
culation or word score., The data from such tests are conventionally
presented in the form of an articulation curve, this keing a plot of word
score versus some test variable. The test variable is usually some trans-
mission property of the channel, such as bandwidth or amount of noise
added o the speech. In this study, the intelligibility of the speezh
was degraded by the addition of masking noise, and the test variable was
signal/noise ratioc.

The articulation curve may be viewed as representing the Irtelli-
giblilityv charazteristincs possessed by the word set under the conditions
of the tes*. While such a curve is useful for many purposes, the informa-
tion it contains concerns only the behavior of the word set as a whole.
Such a curve contains nc information concerning the individual words, and
cannct. be used mo predict the intelligibility of either a given word or

of a subset of the original word set.
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The main object of this study is to relate noise-masked artizula-
tion score, as conventionally defined, to a set of basic speech and noise
parameters defined for individual words. Suitable parametsrs are shown
to be, for a given noise, the power, the noise-mgsked threshold of intel-
ligibility, and the width of the threshold region. Experimentally-deter-
mined values of these parameters are presented, along with their distri-
butions, for a limited number of morosyllabic words imbedded in random
white rioise arnd for a particular combination of speaker ard listheners.

It is shown that the threshold parameter can be obtained from the noise-
masked gain function, which in turn can be obtained from conventional
articulation test data. It is shown that word power and noiss power csn
be obtained from measurements of erergy and time duration for irdividual
words and for word-length bursts of noise. The eguipment and techniques
for measuring energy and time duration are described.

By preserting coaverntional test data in a novel form, atiention
is directed to the threshold action occurring as a word "emerges,” ine
telligibilitv-wise, from masking noise. The existence and sharpness of
these thresholds is demonstrated for the set of forty test words and for
each cf *bhe three listeners, and the rature of the threshold region is
illustrated by means of noise-masked gain functions. The general nature
of these functions, which are essentially articulation curves for individ=-
ual words, is examined, and two describing parameters of such functions,
namely, threshold and spread, are defined and tabulated. The set of
tabulated values is used to caleculatne ard plot articulation curves, which
are then compared to experimental curves. From the close asgreement of

ralrulated and experimental curves, in 1s concluded that the set of



parameter values contains egsentially the same inférmation contained in
the conventional articulation curve, thus exhibiting the basic role of
such parameters in determining the intelligibility characteristics of
word sets.

In addition to describing the intelligibility characterigtics of
sets of words, these parameters exhibit the characteristics of individual
words, showing the variations from word to word and from listener to
listener. It is shown that %these properties make the word parameter
approach useful in two ways:

(1) It facilitates the analysis of articulation test results,
yielding more information than the conventional type of data and exhibit-
ing the effects of individual words or the articulation curve ag well as
permitting a word-by-word comparison of results from different listeners.

(2) It makes possible the synthesis of word-sets to obtain a
specified articulation curve.

The usefulness of the word parameter approach in synthesizing a
desired articulation curve is illustrated for four distinct types of
curve, two of which have the same shape but different locations ard two
of which have the same location but different shapes, In this connec-
tion, it is demonstratec that, for a given masking noise, the shape of
the articulation curve is determined primarily by the threshold-to-power
ratios of the individual words. The effect of the shaping technigue on
the histograms for thresheld and for spread is illustrated for four sub-
sets.,

A procedure, with variations, is developed for predicting artizu-

lation curves ir certain cases. This procedure is based on a mathemat ical
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formulation of the process by which individusl words contribute to the
articulation curve, and makes use of the word parameters referred to
above, Essentially two prediction schemes are outlined, based on dif-
ferent degrees of approximation to the noise-masked gain functions.
Curves obtained by the two schemes are compared with each other and

to experimentally-obtained curves, for the case where listeners are
trained and gain function data is obtained on a master word set and
where curves are degired for various subsets of the mastgr set., Under
such conditions, the nature of the subset curves depends strongly upon
whether or not the listeners are retrained on each subset before making
tests. The subset tests in this study were made with no retraining on
subset words. That such subset curves can be predicted with good accu-
racy without making actial tests is demonstrated by comparing predicted
curves to experimental curves for four twenty-word subsetfs.

The discrepancies between predicted and experimental curves are
discussed and explained on the basis of partial memorization {inadvert-
ent training) during the tests. A simplified mathematical model of the
noise-masked listening process is used 1o predict the nature of discrep-
ancies arising from thic cause, and it is shown that the word sets and/
or listeners most closely satisfying the assumpftions underlying the
model exhiblt the predicted discrepancies most markedly.

A number of subsidiary results are given, such as the distribution
of noise-masked gain function parameters for various listeners, the use
and validity of least squares for fitting straight lines to experiment-
ally determined gain function peints, and the distributions of energy,

power, and duration for the test words. The listeners are compared on
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several bases, and it is shown that listeners may be similar in their
responses to a set of vwords as a whole, while differing significantly

in their responses to individual words. It is also shown that the result
of averaging predicted curves for several listeners is not significantly
different from the result obtained by predicting a single curve from
averaged thresholds.

It is concluded that, in the noise masked case, the word parameters
used in this Investigation play a basic role in determining the articula-
tion curve, and that prediction and curve-shaping schemes based on these
parameters are practical and useful. In particular, subset curves are
obtainable which are directly comparable one to another, and, when large
numbers of such curves are involved, they are obtainable more easily,
from the standpoint of maintaining stability of test conditions, than by
use of conventional tes®ing techniques. It is further concluded that the
word parameter approach provides a consistent and logical basis for exam-
ining the variation of intelligibility among listeners and/or words .
Finally, two aspects of the word parameter approach which merit further
investigation are given.

In an appendix, the detailed preparatiorn of magnetic tapes Tor
use in the tests is described, and, in another appendix, the details

of listener training and articulation test procedures are given.



CHAPTER I

INTRODUCTION

Statement of Objectives

The primary objective of this study is to relate the intelligi-
bility characteristics of a set of noise-masked test words to the char-
acteristics of the individual words in the set.

More specifically, the aim is to show that articulation score, as
conventionally defined for such words, can be calculated from values of
suitably-defined word parameters, and, in certain cases, that the articu-
lation curve is determined by the distribution of one or more of ihese
parameters.

Certain subsidiary objectives, predicated upon the attainment of
the primary obJective, include the following:

l. Development. of a method for predicting articulation curves for
subsets of words and/or listeners, using word parameters determined by
tests on the master worc.-sei and a team of listeners. This method is to
be based on a mathematical formulation of the process by which individual
words contribute to the articulation curve, and involves the assumption
of no listener training on the subset.

2. Investigation of the nature and quantitative description of
the threshold region for individual noise-masked words, and of the valid=-

ity of using thresheld quantities in the prediction scheme of subsidiary

3. A study of ths way in which word parameters influence the shape



and location cof the articulation curve for nolse-masked speech, and an
experimental measurement of such curves for sets of words chosen on the
basis of certain of thece parameters.

4. An examination of the word parameters themselves and of their
distributions and variations from word to word and from listener to lis-

tener.

Summary of Results

A major resulf cf this study is the estahlishment of certain word
parameters as a valid replacement of zonventional articulation scores in
characterizing the intelligibilify of a set of noise-masked werds. Exam-
ination of the threshcld action occurring as a word "emerges" from
noise led to the characterizaiion of a word by its "noise-masked gain
function,” which, together with linear and step-like approximations, was
obtained for forty test words and for each of three members of a listening
team. Noise-masked threshold, defined as the value of signal/noise ratio
at the 50 per cen* level of intelligikility, was ckiained for each word
from its gain function.

Under the conditions for which tests were made, ii is shown that
the parameters of word power, threchold, and noise-macked gain furcticn
spread are sufficient tc define the articulation curve, and that these
parameters thus contain essentiglly all the information embodied in the
sef, of articulation scores obtained for a set of words. A comparison of
experimental and calculated curves for the three listeners shows a maximum
discrepancy, in SN ratics at a gilven word score, of 1 db, with much
smaller discrepancies in the 20-t0-F0 per cent region of *he curves. The

maximum discrerancy at the 50 per cent level is 0.25 db. Comparison of



team curves reveals even closer agreement, with no discernible discrep-
ancy at the 50 per cent level.

When the curves are calculated by using only word power and thresh-
old, they are still in good agreement with the experimental curves,
particularly at the 50 per cent level where the maximum discrepancy is
0.3 db for individual _isteners and 0.0 db for the team.

For a given masking noise, the shape of the curve was found to
depend on, and to be closely predictable from, the ratio of threshold
to normalized word power. When this faci is used to predict the articu-
lation curves for subgsels of words, using data taken for the master set
and using subJjects trained only on this set, the agreement with experi-
mental curves is good. Considering all three listeners and all four sub-
sets, the discrepancy has a maximum value of 2.7 dt, and an average value
of 1.3 db, at the 50 per cent level. Somewhat beititer accuracy is obtained
by using noise-masked gain function (NMGF) spreads in the prediction
scheme.

The prediction scheme is mathematically formulated on a proba-
balistic basis, and two modifications of the scheme are presented for the
cases of constant poise power and negative-slope NMGF's.

Application of the NMGF parameters of threshold and spread *o the
shaping of articulation curves is illustrated. Four sets cof words were
chosen on a basis of these parameters with the follcowing results:

1. Two curves were produced which had the same spread hetween
20 and 80 per cent points, but which were displaced by aprproximately
four db of signal/noise ratic,

2. Tgo curves were produced which had no displacemern* ‘at the



50 per cent level), bus whose 20-t0-80 per cent spreads differed by 5.5
db.

Experimentally determined values of energy, hime duration, and
power for individual words are presented, along with histograms and dis-
tribution functions. These indicate, for the monosyllabilc test words
used, that low-energy words predominate, that time durations are uni-
formly distributed, and hence that low-power words are predominant.
Examination of various word parameters reveals a fairly strong central
tendency in the histograms for NMGF threshold and spread, with clear
separation of the central peaks of threshold histograms in the case of
subsets chosen to give displaced articulation curves. The threshold
parameter is shown to have only a weak dependence on NMGF spread. Thresh-
olds are shown to have a definite correlation from listener to listener
for two of the three possible listener pairs, while NMGF spreads are shown
to have less correlation. Finally, " he multiple choices available to a
listener, among words having a recognized vowel sound, are shown to be
related to the threshold values.

The fact that subset curves can be predicted with good accuracy
under certain conditions has two implications of importance in the field
of noise-masked articulstion testing:

l. A significant reduction in testing {ime appears attainable,
in the case where articulation curves are desired for a large number of
subsets having many comron words.

2. ©Subset curves obtained by the predictiorn scheme are directly
comparable, since they are cobtained from the same master set of word

parameters. Obtaining such comparatle curves for large numhers of



subsets is much easier by the methods described than with conventional
test methods, mainly because of the difficuliy, with conventional methods,
of maintaining stable test conditions over extended periods of time.

A final implication of interest 1is that word sets may ke chosen
for equal difficulty, i.e., homogeneity of basic audibility or identity
of articulation curves, on a basis other than phonetic kalance, and that
word sets for special applications (such as speech audiometry) may be
chosen to yield the desired shape of curve on a Lasis of the word param-

eters described.

Background

Articulation testing, as a syotematic means of assecssing the in-
telligibility properties of a communization system, had i%ts beginnings
in the early years of the twentieth century (1), with much of the earlier
work being done at the Bell Telephone lLaboratories; beginning abou® 1919
(2). Over the years, this work has cortirued, with contributions from
such apparently diverse fields as communications engineering, psychology,
linguistics, phonetics, mathematics, physics, and certain areas of medi-
cine such as otolaryngclogy and speech audiometry. Much was done during
World War II at Harvard's Psycho-Acoustic Laboratory to standardize arti-
culation testing methods, as exemplified Lty the work of BEgar (3). Egan
described the development of a set of phonetically-halanced (PR} word
lists containing monosyllabic words whose phoneme con*ent, over each list,
closely approximates the distribution of phonemres in the Enelish language.
Adding to earlier work at Bell Iabs, Egan, and later Hawley (4}, described
standardized testing methods, while at the Central Institute for the Deaf,

various word lists were developed {5) for use in speech audiometry. The


aud.ibil.ity
phon.erically-balan.ced

earlier PB words were monosyllables, such as "bar," "Jam,” and "di11";
lists of spondaic words ("baseball,” "cupcake") were also developed at
Harvard (PAL Tests number 9 and 14), such "spondees" being dissylables,
with equal stress on both syllables. The CID lists are essentially im~
proved versions of the Harvard lists, recorded on disks after correction
for varying intensity among words in some cases, and include CID Tests
W-1 end W-2 (spondees) and CID Test W-22 (phonetically balanced monosyl-
lebles). Various other word, syllable, and serntence lists are used, not
only for the study of hearing and the determination of hearing loss for
speech, but in the evaluation of speech processing devices and military
commnications systems (6,7,8,9).

An articulation test, shown in tlcck diagram form in Figure 1,
generally consists of transmitting a set of speech items through a com~
munication channel to a team of human subjects (listeners) who attempt
to identify the items. The fraction or percentage of items correctly iden~
tified is called the articulation score or, simply, the articulation.

Various speech units, such as phonemes, syllables, vowels, words, and

sentences, are used as test items, and these may be spoken aloud by a

Speech o
Items

Crannel. Ligherer g)

Figure 1. Elock Diagram of Articulabticr Tast.



speaker or recorded in some way (as on magnetic tape). The "channel”

may be simply a free-fleld path through air from speaker to listeners,

or it may be a complicated electronic communication system which in-
cludes transducers to convert the sound-pressure waves of the spesker's
voice to electrical form and back again. In the former case, the speech
level at any point in the system may be meagsured in terms of the inten-
sity (rate of sound energy transmission per unit area) or the effective
sound pressure (rms value of instantaneous pressure waveform). In the
latter case, the analogous quantities of power and rms speech voltage may
be measured at any point in the electronic system.

When the test items are syllables, the score iIs referred to as
"syllable articulation,” with the terms "word articulation" and "sen-
tence articulation” applying in the appropriate cases. Definite rela-
tionships have been found (1) (10) hetween scores for syllables, words,
and sentences, which show that articulation generally increases with the
length of test item. Hence scores for spondees are higher than for mono-
eyllables, and scores for sentences are higher than For spondees.

The many applications of articulation testing might be described

T

as a group by the broad term "intelligibility studies." Although the
applications are quite varied (11,12,13,14,15), nearly all of %kem can

be fitted into the bhasic structure of Figure 1. The interests of dif-
ferent groups of researchers generally center on only one or two "blocks”
of this figure. Psychologists, for example, are more interesred in the
stimulus-response characteristics of the subjects, as opposed to the trans-

mission properties of the channel, and hence are primarily concerned with

the first and last blocks. For this group, the term "speech perception



test” has been suggested (16) as being more appropriate than "articulation
test."” Physicians and others specislizing in speech audiometry are con-
cerned with determining the optimum set of speech items with which to test
the hearing acuity and discrimination loss of the listeners, the listeners
in this case being patients with possible hearing defects (5,17,18,19,20,
21). Communications engineers may consider the subjects merely as "mea-
suring devices" for determining the quality of the channel; in this appli-
cation, as well as in the study of architectural acoustics, the center
block of Figure 1 is of primary interest.

Whether one is testing the set of speech items, the channel, or
the listeners, the procedure has become fairly well standardized (3,4).
Although varicus parameters, such as the number and type of speech items,
the number of listeners and their hearing acuity, instructions, and train-
ing, may be used as test variables, the most commonly-used variable is
some parameter of the channel such as gain, frequency response, or amount
of noise added to the speech signal. When the properties of a channel are
varied by controlling & single variable such as signal/noise ratio, the
articulation scores are commonly plotted as a function of that varisble
to yield an articulation curve, as shown in Figure 2 for words as test
items. Such curves are also referred to as "gain functions" when the
variable is channel gain (22). One exception to the use of articulation
curves for presenting test data 1s the case where an information-theo-
retic presentation, such as a confusion mairix (23), is desired.

The word score, &t a given point on the curve of Figure 2, is &
function not only of the value of signal/noise ratio and other fixed

factors such as the particular words and speaker used, but also of



Fractional
Score

llO =

0.0

SN in db

Figure 2. Articulation Curve for Words in Noise.

various subjective and physiological factors associated with the
listeners, such as their auditory acuity, degree of training, and inter-
est in the test. Such factors often change in a random way from day to
day and test to test, implying that "word score" or "articulation curve"
are not quantities capable of precise reproduction, even in tests where
conditions are apparently identical (2k, p. 389). Although word scores
have the characteristics of a random variable, the reliability of the mean
score (average over a number of tests or listeners) can be increased by
increasing either the number of tests or the pumber of listeners (3, 25),
and the terms "score" or "curve" are often used to denote such averages.

If subjective factors cen be minimized, as by careful selectiorn and training
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of listeners, standardization of test conditions, and the use of average
scores, the resulting values of articulation constitute a fairly relisble
measure of "speech intelligibility" at the channel output. Indeed, by its
very definition, the "intelligibility" cannot be measured directly except
with human listeners. Thus, regardless of the variation in detail or
motivation involved in making articulation tests, such tests occupy an
important place in intelligibility studies.

Aside from the inherent random nature of articulation scores, the
results of different investigators are not always directly comparable,
due to differences in speakers and listeners, in training and instruc-
tion of listeners, in definition and measurement of quantities such as
signal/noise ratio, and in test conditions. Even the results of a single
investigator using standardized procedures may not be comparable in some
cases. For example, consider the difficulty of maintaining stable test
conditions over long periods of time, as listeners experience a change in
motivation or interest in the tests cr even drop out of the team, necessi-
tating replacements. Other changes may gradually occur in equipment, or
in recordings of speech items, due to extensive use. A not insignificant
effect is due to "learning" by the listeners {1,24,25,26). Although
learning rate decreases with experience, there is evidence that learning
never ceases entirely, and hence causes a relative increase in scores as
time goes on.

To illustrate this problem, consider the case where articulation
curves of noise-masked moncsyllabic words are desired for a large number
of word sets, and suppcse further that many of the words are common to two

or more sets., Intuitively, it is wasteful of testing time to test these
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common words more than once, assuming that the influence of factors such
as size of word sets and context (particular words in a set) is known.
For definiteness, let the total number of different words be 1,000, and
let each subset to be tested consist of exactly 50 words. The 1,000-word
"master set" contains a fantastically large number (approximately 1087] of
distinct 50-word subsets, all of which are different ty at least one word.
Even if only 100 of these subsets are of interest, the number of word
transmissions required to determine an articulation curve for each aset
is approximately 50,000. This large number of transmissions results
partly from having to transmit a given wcrd several times at each signalf
noise ratio if the word is common to several subsets. A really exhaustive
study, involving other possible 50-word subsets and subsets containing
different numbers of words, might well be impractical from a standpoint
of stability of test conditions over “he extended period of testing time
required, let alone the economic considerations involved. It would
clearly be advantageous to have a procedure for predicting the various
subset curves from tests on the master set only. BSuch a procedure, an
example of which is devaloped in the follewing pages, would yield curves
which were directly comparable, since they would have been obtained from
the same basic set of data, the acquisition of which weould have “aken a
relatively short time from the point of view of test condition stability.
Because of the tediousness of making articulation tests, much
effort has been expended toward the development of estimation procedures
which could predict articulation scores, particularly in the case of lin-
ear channels corrupted by masking noise (27). Most of these attempt 1o

predict word scores from simple acoustical measurements, coupled with
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tone thresholds for a human subject with normal hearing. The method
involves determination of the frequency response of the channel, together
with the spectral characteristics of the speech and noise, and is essen-
tially limited to linear systems.

The best-known cf these estimation procedures is the Articulation
Index approach begun initially at Bell lLabs (2,24,26,28,29,30), although
other spectral approaches, such as that of Tkachenkc {%1), have been
developed. At least four variations of the original Articulation Index
method have been devised, mainly in an attempt to decrease the large
number of tedious calculations required by the original method. The
number of required calculations is one disadvantage of such procedures;
another is the lack of accuracy and generality in many cases (10,32). Of
significance is the fact that such methods do not take into account the
particular words or other speech units to be ftransmitied. The resulfs,
while fairly accurate for "average" speech, can be in error for particu-
lar choices of words. The prediction method described in following pages
avoids this problem by taking inte account the contribution of individual

words to the articulation curve.
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CHAPTER IT

FORMULATION OF PROBLEM IN TERMS OF THRESHOLDS

Nature of the Threshold Approach

Thresholds and Gain Fur.ctions

The threshold ccncept, as applied to the psycho-acoustical study
of stimulus-response phenomena, is a relatively old one, one of the
earliest determinations of auditory thresholds being made in 1876 (33).
Various types of threshold have been defined and used in the study of
hearing, the most common one being the threshold for pure tones. Tone
threshold, also referred to as hearing acuity, threshold of detectability,
or threshold of audibility, is the smallest effective sound pressure of
pure tone which is Jjust detectable by a human subject. It varies with the
frequency of the tone and from subject to subject, being about 0.0001
dynes/cm? under optimum conditions (16). Thresholds have also been deter-
mined for interrupted tones, frequency-modulated tones, and tones masked
by an interfering sound such as other tones or noise. Both masked thresh-
olds and thresholds with no masking have been determined for other acous-
tic stimuli, notably clicks, noise, and speech.

The somewhat crude concept of a threshold as a level above which a
stimulus is always perceptible, and below which it is never perceptible,
is not strictly applicable to any situation involving human subjects.
Because of the subjective randomness involved in thé responses, a given
stimulus level is sometimes detected, and sometimes not, over some range

of levels which might be called a "region of ambiguity" or "threshold
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region." Thus a better definition of threshold is that level which is
detected a certain percentage of the time, during a number of trials
(24). One might then define many types of threshold, i.e., "S50 per cent
threshold," "90 per cent threshold,” or "100 per cent threshold." The
last example naturally raises the question as to whether there is a mini-
mum level above which the stimulus is always detected, or, conversely, a
maximum level below which the stimulus is never detected, such points
logically serving to define the threshcld regior. Aside from the purely
practical consideration of not being akle 1o experimentally determine such
levels because of the words "always” and "never,” the answer is intuitively
"no." Furthermore, the experimentally determined percentage of detections
at any given level will be found to fluctuate with the number of trials
made, although this percentage may tend toward some fixed number (the
probability of detection) as the number of “rials increases without limit.
Instances in which, for all practical purposes, a single "all-or-none”
threshold may be specified are the cases where the width of the threshold
region 1s considerably less than the experimental error in setting the
level, or where the increments in level are regquired %c be larger than the
width of the threshold region. Nct only is the nature of this region
indeterminate in such cases, but the very fact of its non-zero width is
insignificant for experimental purposes.

As applied to speech, several types of threshold have been used,
in addition to threshold of detection. The thresholds of perceptibility
and of intelligibility bhave been defined (3) as *“he levels at which the
listener can, respectively, " ...understand, with difficulty, the gist of

connected discourse.,” sand " ...Just ...obtain withou" perceptible effort
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the meaning of almost every phrase of connected discourse ... When par-
ticular speech units are used as stimulus items, the resulting thresholds
cen be referred to as "word threshold," "vowel threshold," "phoneme
threshold," etc., and these can be further particularized to include
masking with various sounds. The word "threshold," then, when applied

to speech without qualification, is somewhat vague; it has precise mean-
ing only when a guantitative definition is given and the stimulus item
specified.

The definition of noise-masked word threshold used here is that
value of signal/noise ratio at which the word is correctly identified in
50 per cent of the trials, i.e., the value at which the preobakility of
correct reception is 0.5. The use of 50 per cent thresheolds in studies
of the non-masked case is common, this definition having been utilized
for words (5,20), vowels (34), and alphabet letters (22).

Clearly, the level at which other percentages of identification
occur can be found, in the non-masked case, by varying the gain of the
test system; such data, as noted earlier, are often plotted in the form
of gain functions. By extension, the term "noise-masked gain function"
(NMGF) is used here to denote the articulation curve for a single word
imbedded in noise, plotted as a Ffunction of signal/noise ratio, while the
term "articulation curve" is reserved for the curve pertaining to a set
of such words. Word threshold is then the abscissa of the 50 per cent
point on the NMGF, expressed in db of sigﬂaj/noise ratic. The use of
the ratio of speech to noise level as the independent variable is conven-
tional, primarily becauss the scores are not a funciion of speech level

or of noise level alone, but of their ratio, at least above a certain
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minimum noise level. That thresholds depend on this ratioc alone, ahove
some minimum noise level, has been shown by Hawkins and Stevens (15),
although exceptions to this were later found by Kryter {11) at extremely
high speech and noise levels. In the studles described here, the use of
signal/noise ratio as the test variable permits the measurement of speech
and noise powers at any point in the linear test system, and permits
acoustical measurements on sound waves To he replaced by electrical mea-
surements on the corresponding voltage waveforms.

Based on the supposition that the intelligitrility characteristics
of words are adequately described by their NMGF's, the nature and describ-
ing parameters of such functions become of interest, as does the question
of whether these describing parameters alcre —onstitute a valid description
of the "intelligibility" of words. Non-masked gain functions have been
found to have roughly the same general shape as the curve in Fig. 1, and
parameters which have been used o descrite such functions for speech
units include 50 per cent threshold and slepe in the vicinity of the 50
per cent point. Essentially these same parameters were found useful in
the present study for +he masked case, except that "spread" of the NMGF
was used instead of slope. The spread, ¢r width of threshold region, is
approximately inversely proportional %to the slope, and hence contains the
same Information. Although much work has beern done on the selection of
word sets having similar asrticulatiorn curves, or havirg curves which are
very steep, relatively little has been done o formally relate the arti-
culation curve to the gain-function parameters of tre individual words in

the set.
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The Effect of Intensity Differences

That the relative intensity or power of speech units is a factor
in recognition, has been known for some time., Indeed, this factor is the
principle one in determining relative intelligibilities In the case where
all of the speech units have essentially the same threshold, i.e., where
the threshold spread is much less than the intensity spread, and this fact
has at times obscured the effects of threshcld differences between words.
In 1947 Hudgins and others (18) described twe mevhods for obtaining homo-
gerieity in a set of speech items (as eviderced by the steepness of the gain
function), based on the assumption that differerces in basic audibility
are due to intensity differences alone., FHarris, in a paper (20) published
two years later, pointed out that equal intensity dces not guarantee equal
intelligibility. Using recorded versions of selected PB words, he showed
that the spread in thresholds was not significantly changed by processing
words for equal intensity, but was reduced from 42 dt tc 26 db bty equating
words for threshold. The resulting gain function for the word set had a
slope approaching that of spondees in steepmess. In 1950 Curry (34%), con-
cluded that " ...some factor in addition to intensity is contributing to

" after making tests on nine American vowel sounds

the identification ...,
to determine their relative intensities and thresholds. When he calcu=
lated relative thresholds, corrected for intensity, a spread of 2.75 db

L

still remained, causing him to state that - ..so0me factor, uwnique to
each vowel, in addition to intensity makes the identification of each
vowel possible." 1In retrospect, it seems apparent that +his factor is

the difference in thresholds among vowels. It should be noted that the

threshold region for vowels was apparently too narrow, compared to the
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experimentally used increments in gain, to permit the recognition or
specification of individual vowel gain functions. Hirsh and others {5)
in 1952 confirmed Hudgins' results by equalizing intensities of spondaic
words, resulting in CID Test W-1. Due, perhaps, to test procedures, no
significant threshold differences between spondees was discovered, although
the lists were found to be not equal in difficulty, indicating that some
(small) spread in thresholds did exist.

Finally, Curry and others reported (22) in 1960 their investigation
‘of the intelligibility of non-masked alphabet letters. FPoints on the gain
functions for individual letters were obtained, using a 5 db increment in
gain, and these were visually fitted with smooth curves. These, in turn,
yielded 50 per cent thresholds and also slopes in the 20-to-80 per cent
region. Large differences were found in the shape and location of curves,
with a spread in threshclds of 17.75 db, part of which was due to inten-
sity differences. When the data was ad justed so as to equate thresholds,
the pooled curve {averaged over all speakers, listeners, and letters)
exhibited a steeper slope than before adjustment. Upon adjustment for
intensity differences, the spread in thresholds exhibited only a one db
change, confirming earlier results. Finally, adjustment of the data for
intensity differences resulted in a pooled curve with somewhat higher
slope, indicating that at least part of the spread in this curve is due to
intensity differences.

To summarize, individual speech elements with no masking character-
istically exhibit a spread in both intensity and threshold, both of which
contribute in some way to the spread and steepregs of the articulation

curve for a set of such elements. The present study exfends these concepts
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to the noise-masked case, and in the following section, shows how the
parameters of word power, noise power, and NMGF threshold and spread

are mathematically related to the articulation curve.

Mathematical Formulation

General

The prediction of articulatlon curves, in the sense used here, stems
from the intuitive idea that if one knows the signal/noise threshold of
each of a set of words, and knows that the set is tc be transmitted at a
given signal/noise ratio, one ought to be able to predict which words will
be understood, i.e., which words are received ahove threshold. The frac-
tion of words above threshold is then the articulation score. Such a
scheme, depending on & word being either "above threshold" or "below
threshold" is clearly valid only wher the NMGF's are step-functions, i.e.,
when a single "all-or-none" threshold is adequate to describe the situa-
tion. A high degree of validity may still remain in the case of non-
zero NMGF spread, provided the thresholds are sharp; in this case the
NMGF spreads will be small and a single "all-or-none"” threshold might be
specified at the 50 per cent level. In the case where NMGF's have large
spreads, the threshold alone may still suffice for use in a prediction
scheme, provided the number of words is large enough. As an alternative
to replacing the NMGF with a step function, the actual spread may be taken
into account by use of a linear approximation in the threshold region.
Both of these approaches are considered in the fellowing.

In addition, the problem of defining signal/noise ratio for indivia-
ual words and sets of words is considered, so that the articula‘icn curve

can be predicted without a tedious inspectiorn of each word at each level.



20

These and other quantities are defined as introduced, and a summary of
all such definitions is included in Appendix (. In general, capital
letters are used for quantities expressed in db and the ccrresponding
lower case letter is used when the quantity is not in db, while most
Greek letters represent quantities expressed in db.

Definition of Signal/Noise Ratio

Before calculating, for an individual word, the ratio of word
power to noise power, the latter quantities must be precisely defined.
Consider a set of words recorded at intervals on one track of a magnetic
tape, an adJjacent track on the same tape cortaining recorded noise. When
the tape is played back, the speech and noise signals appear as electri-
cal waveforms which, when linearly added; procduce a set of noise-masked
words in the form of an electrical signal. When the relative levels of
speech and noise are varied by means cof an attenuator in the speech chan-
nel, it is assumed that all words are attenuated equally, thus preserving
their relative powers and at the same time altering the mean power of the
set. The power of a given word is defined as the average electrical power
in the word waveform, the average being taken over the time duration T of
the word. It will be assumed that this power is to be measured at a
specific point in the playback system and for a standard setting of the
playback gain control, so that a well-defined and reproducible voltage
waveform e(t), of duration T, exists for a given word. If this waveform
is produced across a resistive impedance R at the point of measurement,
the word power p is the average power dissipated in R by e(t); this

quantity is given, for the ith word, by
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where wi is the word energy. In the case of N words in the set (i =

1,2,3,+4..,N), the mean word power over the set is given by

N
-— 1 i
P = ﬁ z P (2)
i=1
and the word power in db relative to the mean power is
; i
P™ = 10 log E}-o (3)

Each word is masked by the section of noise waveform lying adja-
cent to it on the magnetic tape; this part of the noise is always played
back in time coincidence with the word. Thus a "noise word" of duration

T and voltage en(t) is defined, having power

—g—4du -

i "“l*f [erj;(t)]g

Hl—"-l bsw-
=
p—_

; < ’ .th ; ;
for the noise associated with the 1™ word, provided the noise voltage
is also developed across R. The mean noise power, over the set of "noise

words," is

— I: i
5, = 1) o, (5)
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and the noise power in db reletive to the mean noise power is

p; = 10 log == . (6)

As it was for the speech, it is assumed that varying the noise level by
means of an attenuator in the noise channel will cause all noise words to
be equally attenuated, thus preserving their relative power while at the
same time altering the mean noise power. The extension of this idea to
the case of gain inserted in either channel, or of gain in one channel
and attenuation in the other, is apparent.

It is now possible to precisely define the signal/noise ratio for

the ith word, as follows:

i pi
ent = 2, (7)
le
or, in db,
SNt = lOlogsnl=leP;+lO log 2 . (8)
pﬂ

The last quantity can logically be defined as the signal/noise ratio SN

for the set of noise masked words.

SN = 10 log = 10 log sn , (9)

@I|wﬂ

where sn is the mean word power for the set divided by the mean {masking)

noise power for the set. Other possible definitions for sn, such as the
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mean value of sni or zwi/Zwi have no apparent advantage over the one
given above; furthermore, the definition given in equation (9) is some-
what more easily incorporated into a mathematical formulation of the pre-
diction scheme. As a final Justification, the experimental values obtained
with these various definitions are later shown to be almost identical for

N > 20.

The group signal/noise ratio SN can be varied by changing D, P>
or both. Note that when this is done, Pi and Pi do not change, since
they are measures of relative power, with respect to the mean. &N is the
test variable for obtaining the articulation curve of a word-set, and is
measured along the abscissa of such a curve. Tt is, in general, differ-
ent for different word-sets, hence the Pi depend upon the word-set in-

volved.

Formulation for Step-Like NMGF's

Consider the case of a word having a very sharp intelligibility
threshold. As SN for the set is increased, the SNi also increase, by
the same amount. When the SNi of the ith word reaches the threshold
value, denocted by'ai, the word suddenly emerges from the noise and be-
comes intelligible, resulting in the step-like NMGF of Figure 3. The
variable ai, then, is the smallest value of SNi for which the word is

intelligible, and hence

s> ot = 1P yord is understood {10)
5 .th i .
and SN < @ :> i"" word is not understood. (11)

In actuality, no such threshold behaviour ever occurs, and hence the step
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Figure 3. Step-Like NMGF.

of Figure 3 may be considered as simply an approximation to the actuasl

NMGF in its very narrow threshold region.

An "intelligibility variable" ¢ may now be defined for the iCD
word by
el o ot ot (12)
so that
i P i ;
£ <0 = i word is understood, (13)
= i .th ;
and £~ >0 — i~ word is not understood. (14)

Using previous definitions, _5,1 can now be put into a more useful

form, as follows:
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el = ot - avt = ot - 10 1og .E; é; EH (15)
By B By
= a - 10 log %;-E% :§
b By Py
1 pi =
10 10 log §— + 10 log :E - 10 log g—
b 2, i

In the last form, gi is a function of SN only through the last term, since

al, Pl, and P; do not, by previous definitions and assumptions, vary with
either p or En for a given word-set. Hence the first three components of

gl may be combined into a new variable 61 which is independent of SN,

yielding
o B, (16)
where

st & ot . pta Pi . (17)

The quantity Bi is seen to be an "adjusted" threshold, where o has been
ad justed for word power and noise power variations among the words. Thus
is the value of 8N at which the word becomes intelligible, and thus ﬁi
varies from one word-set to another having a different SN, while ai does
not so vary.

It will now be shown that the articulation score is FB{SN), -

ﬁi

the distribution function of B evaluated at the desired signal-ncise ratio.



26

From the N experimentally determined values of gi the cumulative distri-
bution function Fg can be plotted, as shown in Figure 4. By definition,
this function, evaluated at x, is the fraction of &'s having values equal
to or less than x, and hence for finite values of ¢ is a monotone curve
which increases from zerc at the smallest value of £ to unity at the
largest value. For finite N, the curve is a series of steps; for a
continuous distribution of E's it is a smooth curve as shown.

The ordinate of Fg at X

that a § chosen at random, i.e., for a randomly chosen word, will be equal

is a probability, namely, the probability

to or less than X1 assuming that all words are equally likely choices.

Thus FE(O) is the probability that a randomly-chosen word will have a ¢

which 1s equal to or less than zero, i.e.,

Figure 4. Distribution Functions for £ and E'.
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Fg(O) = Pr[gifo], (18)

where superscript "i" has been used to identify the randomly-chosen

word. The event in brackets of equation (18) is identical with the
event, "the randomly-chosen word is understood," from equation (13), and
the probability of this event is equal to the fraction of words under-
stood when all words in the set are transmitted (26, p. 280). Hence the

fractional articulation score is given by

Fractional score = Pr‘[a randomly-chosen word is understood]‘{lQ)

Fg {(0)

The fractional score may be obtained, then, by reading F, (0) from

€
“he plotted curve, as shown in Figure 4; this number, multiplied by 100,
is the per cent word score.

The values of E, and hence the location of F, (but not its shape),

3
vary with SN. A possible value of SN to use in calculating &'s and plot-
ting the curve is the value at the standard measurement point, but a more
useful result is obtained by plotting for SN = 0. For this choice, £ is

identical with B, from equation (16), and hence Fg is identical with Fy

and one can write

Fg{x) = Fﬁ(x) g 8N =0 . (20)

Assuming this is done, consider the effect on F, of transmitting a word

€

set at some non-zero value of SN, say at SN = -m, where m > 0.  Each of

the SN''s will be decreased by m db from its value for SN = O and hence,
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from equation (12), each of the £'s will increase by m db. The resulting

new values of g, denoted by ¢', have a new distribution function F

x
where
E' = £+ m. (21)
It follows that
Fg,(xJ = Fg(x - m) (22)

and hence

Fractional score = Fg,(O) = F, (-m) (23)

g

The curve plotted for SN = -m is the original curve (&N = 0) shifted to
the right by m db, and the fractional score may be read either from the
new curve at the origin or from the original curve at -m, as shown in
Figure 4. This latter is equivalent, by equation (20), to evaluating Fﬁ

at. -~m, and hence

Fractional score = FB{—m), (24)

By similar reasoning, if the words are transmitted at SN = m, then

Fractional score =

(25)

1
=
=
S

Replacing the specific values -m or m by the general variable SN permits

~he score to be expressed very compactly by

Fractional score = FB{SN), {26)
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To summarize for the sharp-threshold case: if the thresholds a
are obtained, along with values of individual word power p and noise power
p , a value of (3 can be calculated for each word, these values being
independent, for a fixed word-set, of N at the point where p and p
are measured. Fg can now be plotted, and the fractional word score read
directly from this curve for any value of SN. Alternatively, if Fy can
be approximated by a closed-form mathematical, expression, scores can be
calculated directly from this expression, using equation (26).
Formulation for Broad Threshold Regions

In the case where thresholds are not sharp, the NMGF (or some
approximation to it) would logically serve better than a single "thresh-
old" to define a given word's contribution to the articulation curve,
Clearly, the set of actual NMGFs define the articulation curve exactly,
since, as described in Chapter Ill, they constitute simply an alterna-
tive way of presenting the same data as is used to plot this curve, It
is desirable to represent the collection of NMGFs by a reduced set of
data, such as a collection of describing parameters, in which each NVIGF
is represented by numbers characterizing its shape and location.

Assuming that the NMGFs vary in a fairly smooth and monotone
fashion from zero to unity fractional score, one might obtain good rep-
resentations of these curves by means of piece-wise linear approximations,
as illustrated in Figure 5. Such an approximation, referred to henceforth
as a linear approximation, is completely characterized by two parameters;
CCX,arbitrarin defined as the value of N for 0-5 fractional score and
referred to as the "threshold”; and A , the total spread in db of the

threshold, region defined by the approximating curve. Not only do OC and



