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ABSTRACT

This investigation deals with the detection of non-
linear distortion in telephone speech. Three Swedish
sentences, read by a male and a female, were record-
ed and transmitted by different (simulated) telephone
systems introducing certain amounts of quadratic or
cubic amplitude distortion. One of the systems rep-
resented a local call between two modern telephone
sets, while another system represented a long distance
call with a restricted frequency range. The subjects
(in all 24 subjects) 1listened to pair presentations of
a certain sentence, in which one member .of the pair
was undistorted and the other member distorted, and
judged which of the two presentations had the worst
sound quality. Threshold values were computed corre-
sponding to 75% and 60% correct detection. The thres-
hold values were gererally higher for quadratic distor-
tion than for cubic distortion. As seen before the
line and the receiver the threshold values were higher
for the narrow-band system than for the broad-band sys-
tem. At the outputs of the systems the situation was
more varying. The threshold values differed between the
three sentences, and there were also some complex in-
teractions and marked inter-individual differences in
detection ability. Some suggestions concerning maximum

allowed distortion are given.



INTRODUCTION

For the design of high quality telephone systems it

is necessary to consider the effects of nonlinear dis-
tortion on telephone speech. Nonlinear distortion can
be expected to impair speech intelligibility as well

as the perceived sound guality in general. To protect
telephone listeners from these negative consequences,
limits for the maximum allowed nonlinear distortion
should be stated. Estimations of such critical limits
could be made from data on threshold values for the de-

tection of nonlinear distortion in telephone speech.

However, there are very few reports on this topic, for
instance by Ahlborg (1967), referred to in CCITT Green
Book. Some data for detection of amplitude distortion
in speech for headphone listening are given in Gabrieis-

son et al. (1976).

The investigation reported in this paper was designed

to deal directly with the detection of nonlinear distor-
tion in telephone speech. Three Swedish sentences were
recorded and transmitted by different (simulated) tele-
phone systems introducing certain amounts of guadratic
or cubic amplitude distortion. Each sentence was presen-
ted undistorted as well as distorted for immediate com-
parison by the subjects. Threshold values for detection
of the distortion were computed for all stimulus condi-

tions.
METHOQODS

Speech material

Three Swedish sentences were read by one male and one fe-

male and recorded in an anechoic chamber.Considered ai-



together the sentences were phonetically balanced.

The sentences were:

1) Den vackra sommaren lider mot sitt slut .

{= The beautiful summer is coming to an end)

2) Den tomma flaskan stod 8verst pa& en bred hylla
(= The empty bottle stood at the top of a
broad shelf)

3) Rikningen skulle betalas var fjdrde mdnad

(= The bill was to be paid every fourth month)

The density functions of the levels for the sentences,
read by the male speaker are shown in Figure 1. Note

in particular the differences at the highest levels.

Simulated systems

Two different systems were investigated, called system A
and system B.

Fach system consisted of two linear filters separated by a
nonlinearity. The nonlinearities were of the forms x + ax?
(quadratic distaortion, Xx? distortion) and x + ax3 (cubic
distortion, X3 distortion), a>0. The first filter simulated
the transmitting function of a telephone and the second fil-
ter simulated a telephone exchange and the receiving parts
of a telephone including the earphone. (In a real telephone
system this would mean that the distortion is created in

the microphone and the microphone amplifier.) The trans-

fer function of the second filter also included the inverse
of the transfer function of the receiver earphone which

was actually used in the listening tests. The frequency
curve of this earphone is shown in Figure 2. The frequen-
cy characteristics of system A and B are shown in Figure

3 and 4, respectively. The system A transmitting filter
correspondéd to a microphone curve as specified by

the Swedish Telecommunications Administration for telephone



sets with "linear" microphones.

In system B the transmitting filter represented a fre-
quency response which was set by the U.K. Post Office

in 1947 as the design objective for best performance
under adverse conditions. System B also contained a fil-
ter representing a connection with local cables of maxi-
mum length (4 km ¢ 0.% mm) at both ends and two long-
distance circuits in series (as measured from Stockhoim

to Gothenburg and back).

The receiving part in both systems contained a filter
corresponding to the standard telephone receiver used in

Sweden.

Calculation of nonlinear distortion

Total harmonic distortion is measured, according to I1EC
publication 268, as the ratio of the RMS output voltage
of the total harmonics to the total RMS output voltage

for a sinusoidal input.

An equivalent formulation is that the total harmonic dis-
tortion is the sgquare root of that part of the output
signal variance which is uncorrelated to the sinusoidal
input signal. This is demonstrated in Appendix. The ad-
vantage of this formulation is that the definition can

be generalized to cases where the input signal is arbi-

trary.

For calculations of the distortions involved in this in-
vestigation we have used the latter formulation but in-
stead of sinusoidal input signals we used the actual
speech signals. In mathematical forms this could be ex-
pressed as

d? = 1 - p?
where d = 100 is the distortion in percent and p is the
correlation between the input and output signals of the

nonlinearity. The coefficients giving the desired distor-



tions of 5%, 10%, 20%, 40% and 60% in the quadratic
case and 2%, 5%, 10%, 20% and 40% in the cubic case
were calculated separately for the various speakers,

systems and sentences. The distortions were thus cal-

culated before the second filter of each system.

Generation of stimulus material

Three sentences in Swedish were recorded from one male
and one female speaker. Lach recording was lowpass fil-
tered at 5 kHz, sampled and converted to digital form
at 30 kHz and stored in a computer system. The choice
of sampling frequency was determined by the wish that
the highest frequency produced by the simulated nonlin-
earity should not exceed half the sampling frequency to

avoid folding effects,

For each of the four linear filters the corresponding

time discrete pulse response was calculated.

The signals at the input of the nonlinearity were ob-
tained by convolution of the recorded speech signals with
the pulse responses of the transmitting filters of each

of the two systems.

At the nonlinearity the density functions of the signals
were estimated and used as input to a computer program

which calculated the amount of nonlinearity which should
be added to the undistorted signal to obtain the desired

distortions.

Trom each signal the squared and cubed signals were cal-
culated. Each of them and the undistorted signal were
separately convolved with +the pulse responses of the re-
ceiving filters. The final stimuli were obtained by add-
ing the linear filtered signal to the filtered squared
and cubed signals with the chosen different weights and



then scaling the results to get the same RMS value
for all the stimuli. Figure 5 gives an example of
Jevel density functions of a sentence with and with-

out distortion.

Listening conditions

The test subliect was seated in a sound-insulated
booth, holding a telephone handset against his "tele-
phone earv, pressing keys to indicate his judgements.
The handset was the same as that normally used in the
nDialog" table set but with the telephone receiver
replaced by a Standard Electric 4026 A earphone, that
is an earphone with distortion below 1% (quadratic)

and 0.5% (cubic), and a hard earcap.

An optimum listening level was determined in pilot
tests. For both systems, A and B, 82 dB SPL was chosen,
also corresponding to the results of Gleiss (1974). In
the narrowband system the stimuli were also presented

at a low level, 67 dB SPL, denoted BL in the following.

Subljects

24 subjects, 12 males and 12 females, age 16-23 years
took part in the experiment. They were randomly divided
into three groups (see Procedure). All subjects were
checked for normal hearing (less than 20 dB hearing loss
256-8000 Hz/ISO R 383) and were paid for their partici-

pation.

Procedure

Basically the procedure meant that each subject listened
to a number of pair presentations of a certain sentence.
Within each pair distortion was added to one member,
either the first or the second, and the subject should
judge which of them sounded "worst" (see further the in-

struction below).



On the basis of preliminary experiments on the auth-
ors and some other subjects five distortion levels

were chosen for each type of distortion. For X? dis-
tortion these five levels corresponded to 5, 106, 20,
40 and 60% distortion, and for %3 distortion to 2, 5,

10, 20 and 40% distortion.

The number of stimulus conditions was 3 sentences x 2
voices x 2 distortion types x 5 distortion levels X

3 telephone systems. In addition there were two poss-
ible positions of the distorted stimulus, either first
or second within each stimulus pair as described above.
Furthermore, each stimulus pair had to be Judged many
times by each subject to ensure satisfactory reliabi-

lity of the Jjudgements.

To reduce the work for the subjects it was decided that
each subiect should only listen to one of the three
sentences. The 24 subjects were therefore randomly div-
ided into three groups of eight members each (four males
and four females), and it was also randomly decided

which group should listen to which sentence.

For each single subject there were 1 sentence x 2 voices
x 2 distortion typesx 5 distortion levels x 3 telephone
systems x 2 positions of the distorted stimulus x 7
replications (= repeated judgements of the same stimu-
Jus pair) = 840 cases to judge. The 120 stimulus pairs
were recorded in blocks of ten stimuli. Each block con-
tained only one specific voice, one telephone system
and one type of distortion. All distortion levels were
represented twice in random order in each block. Seven
tapes with different random orders for stimuli and
blocks were used. The time interval between the members
in a stimulus pair was about 1.0 s and the time in-
terval between stimulus pairs was about 4 s. After

every block there was a longer interval of about 20 s.



In all the experiment required four experimental

sessions of about one hour each for each subject.

The instruction was recorded on tape and was also

given in written form to the subject as follows:
"This experiment deals with perceived sound
quality of telephones. We have recorded on
tape how voices sound in different types of
telephones, and you will listen to these re-
cordings through the telephone receiver be-

side you.

You hold the receiver close to your usual
"telephone ear" (the same ear must be used
all the time). In the receiver you will hear
a certain sehtence read by a man or a woman,
The sentence is always presented twice in
immediate succession like this (some demon-

strations were given) .......

From a technical point of view the two repro-

ductions within each pair are of different qual-
ity, that is, one is better and one is worse.
How big the difference is varies from case to
case. We are interested to know if you also

can hear which of the two reproductions is the
worst one. For each presentation you shall

therefore judge which of the reproductions you

think is the worst one, the first one or the

second one. You do this by pushing one of the

buttons in front of you: button No. 1 if the
fiprst reproduction sounds worst, button No. 2

if the second reproduction sounds worst.

l.isten carefully to the two reproductions with-
in each pair and try to decide which is the

worst one. Give your answer after the presenta-



tion when the red light is turned on (it
goes out when you have pushed one of the
buttons). In some cases it may be easy to
decide which reproduction is worst, in other
cases it may be difficult. But you always
have to give your answer soon after the end
of the presentation. The next presentation
will appear in about 5 s and then you must

be prepared to listen again.

The worst reproduction appears equally often
in the first position as in the second posi-
tion so you cannot conclude which one is the
worst one on basis of the position. Further,
the corder of the recorded cases is random so
you cannot find a system in that either. You

shall trust your spontaneous impression about

which reproduction is the worst one! If you

sometimes feel uncertain and think you are
solely guessing which is the worst one, you
may safely continue to do so. Many earlier ex-

periments clearly show that you "guess" much

better than you believe yourself!

The experiment is rather long and may be mono-
tonous to you - but there is need for many Jjudge-

ments to get reliable data. By your participa-

tion you help us to investigate if you can hear

differences between telephones of different tech-

nical quality. After the experiment you can get

more information about the purpose and the results".

Some further practical points were included in the instruc-
tion. After the instruction at least 30 preliminary trials
were made as practice before the experiment started. In

the middle of each session there was a break of about 5 mi-

nutes.



The judgement procedure used here corresponds to what is
often called a two-alternative forced-choice (2AFC) pro-

cedure (Green & Swets, 1966).

Data treatment

For each single subject his/her number of correct judge-
ments was computed for each distortion level at each of

12 listening conditions (2 voices x 2 distortion types X

3 telephone systems; the position variable was neglected).
The threshold value was defined as the distortion level
corresponding to 75% correct judgements. These individual
threshold values appear in Table I as well as threshold
values for the male group, the female group and the whole
group of males and females. The group threshold values
were obtained by cumulating the correct judgements of aill
members in the same group and finding the 75% limit in
this cumulated distribution (the group threshold values are
thus not equal to a simple average of the given individual

threshold values).

A separate analysis was made to study the possible effects
of the position of the distortion (in the first or in the
second position within a stimulus pair, see Procedure).

Table II presents the group threshold values for the first
and the second position of the distorted stimulus as well
as ilrrespective of the position (the last mentioned values

are the same as the group threshold values in Table T).

Table III shows the percentage of correct judgements cumu--
lated over the respective eight subjects, at each distor-
tion level for all 12 listening conditions. This table sup-
plements the information given in Tables I-II and may be
used, if wanted, to compute threshold values differently
defined than by the 75% criterion used here (compare also
Table VI.)
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The threshold values in Table I and II were subjected to
different forms of analysis of variance according to pro-
cedures described in Kirk (1968) using the BMDO8V com-
puter program. However, since these analyses only confirmed
results which are obvious from direct visual ihspection

of Tables I and II, the details of these analyses are not

given here.

The distortion levels in this investigation were defined
as /1 -p? for the actual speech signals (see Methods). The
corresponding percentages of distortion using different

definitions of distortion levels are given in Table TIV.

RESULTS

Inter-individual variations

As seen in Table I there is in most cases a noticeable vari-
ation between the individual threshold values within the
same listening condition. Since the 2AFC procedure avoids
the problem of individual differences in "decision crite-
rion" (Green & Swets, 1966), the observed variations here
may be ascribed to "real" individual differences in detec<
tability (including differences in attention, motivation
etc). Which subject has the lowest or highest threshold
value varies with listening conditions. (However, subject
No. 30 has almost always higher threshold values than the

other subjects within the same group.)

Range of threshold values

The lowest threshold values that appear in Table I corre-
spond to 5-8% harmonic distortion and in general occur for
X3 distortion of the male voice in system A. The highest

threshold values correspond to more than 60% harmonic dis-



11

tortion and in general occur for X2 distortion in sys-

tem B and BIL.

Cffects of distortion.types

Threshold values for X3 distortion are lower, often con-
siderably lower, than threshold values for X2 distortion.
This effect was strongly statistically significant in all

analyses and is easily observable in Table I.

Effects of telephone systems

Threshold values for the broadband system (system A) are
generally lower than for the narrowband system at either
sound level (system B and BL). This effect was strongly
statistically significant in all analyses and is also seen
in Table I. However, there is no unambigious difference in
threshold values between the two sound levels used for the
narrowband system (B and BL) - the difference between them
varies with subjects and listening conditions as seen in

Table 1.

For one of the sentences, sentence No. 1, there was a sig-
nificant interaction between type of distortion and tele-
phone system meaning that the difference in threshold value
between system A on one hand and system B and BL on the
other hand was bigger for X2 distortion than for X3 dis-
tortion. This interaction was in its turn accompanied by a
significant three factor interaction distortion type x te-
lephone system x voice, meaning that the bigger difference
between A and B/BL at X2 distortion than at X° distortion
was more marked for the female voice than for the male
voice. As seen for sentence No. 1 in Table I the difference
between system A and systems B/BL is especially big for

¥? distortion of the female voice (more than half of the

threshold values for B/BL are higher than 60%).
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rFffects of voices and sex of listeners

For sentence No. 1 the threshold value for the male voice
was significantly lower than for the female volce, mainly
due to the high threshold values occuring at X2 distortion
of the female voice noted above (significant interaction
voice x distortion type). For this sentence there was also
a significant interaction between voice and sex of lis-
tener: distortion on the male voice seems to be more read-
ily detected by the male listeners (subjects 10-13) than
by the female listeners (subjects 14-17), see Table I.

For sentence No. 2 and 3 the effects were more varying and

not statistically significant.

Effects of sentences

There was a significant difference between the threshold
values for the three sentences: sentence No. 2 has the low-
est average threshold value, sentence No. 3 the highest av-
erage threshold value, and No. 1 falls in between. In other
words, the distortion is more easily detectable in sentence
No. 2 than in the other two sentences (as read by the pre-

sent speakers).

As noted from the preceding paragraphs the results for sen-
tence No. 1 are more complex than for the other two senten-
ces in the sense that more interactions between different

variables occur for this sentence.

Effects of position of distorted stimulus

As seen in Table II there is a clear tendency to lower
threshold values when the distortion is placed on the second
member (position 2) in a stimulus pair. The effect is sta-
tistically significant and is most evident for sentences

No. 2 and 3. There are exceptions, however, and a detailed

analysis would be rather complex.
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Threshold values expressed in distortion at the output

of the system

A1l results in this report have thus far been based on
measurements of the distortion after the nonlinearity but
before the second filter. In the practical situation this
corresponds to measurement of the distortion caused by the
nonlinearities in the microphone and the microphone amp-

lifier, before the telephone line.

Obviously the second filter (line + receiver) strongly
affects the perceived distortion. To estimate the distor-
tion at the output of the second filter, the time varying
correlations between the signals in each presented pair of
sentences were calculated. The averaging time in these cal-
culations could be choosen to maximally 67 ms. The corre-
sponding time varying distortion estimates were calculated
according to Appendix formula (7). For each of the stochas-
+ic variables thus obtained the 95% level was calculated

and used as a conservative measure of the maximum distortion.
The mean value was calculated, too. These distortion values
were plotted versus the scores of Table III to test if any
simple relation existed. Examples are shown in Figures B and
7. Tendencies to concentrations of the data points are shown,
but the ranges are too wide to justify descriptions with

simple curves.

A more detailed picture of the detection thresholds ex-
pressed in distortion at the output of the system is given
by means of Tables V and VI. Table V shows the mean values
of the distortion at the output of the system correspond-
ing to the 5, 10..... 60% X2 distortion and the 2, 5..... 40%
x3 distortion as measured before the second filter. By
combining these values with the cumulative percentage cor-

rect judgements in Table III, it is possible to compute
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threshold values expressed in distortion at the output

of the system. The resulting threshold values are given

in Table VI. To facilitate comparisons Table VI presents
thresheld values expressed both in distortion before the
second filter and after the second filter (= at the output).
Furthermore this is done for two different definitions of
threshold values, namely the value corresponding to 75%
correct judgements and also the value corresponding to 60%
correct Jjudgements. All data refer to the whole group of

eight subjects within each sentence.

Since the distortion was lower after the second filter
than before it, all threshold values are lower expressed
in distortion after the second filter than before the sec-

ond filter.

The second filter of system B/BL was more narrow than that
of system A thus eliminating more distortion. The thres-
hold values measured before the second filter are higher
for system B/BL than for system A as expected. When the
distortion is measured after the second filter ("at the

ear"), the situation is more varied.

Threshold valiues for x3 distortion are generally lower

than for X? distortion.

The comments made here hold for the threshold valiues com-
puted both according to the 75% criterion and to the 60%

criterion.

DISCUSSION

The detectability of nonlinear distortion in telephone
speech apparently depends on many factors, stimulus fac-
tors as well as listener factors. Obviously the choice of
sentences and speakers is of great importance, and there
are marked inter-individual variations in the detection of
the distortion. Too much generalization from the present

results should therefore be avoided, awaiting results from
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further research.

When comparing results from different reports and when
suggesting recommendations for maximum allowed nonlinear
distortion it is extremely important to notice the exact
definition of the nonlinear distortion used in the actual
reports. In the present report the distortion was defined
as the square root of that part of the output signal vari-
ance which is uncorrelated to the input signal. Corre-
sponding values using two other definitions were given in
Table IV. Furthermore there is a considerable difference
between threshold values expressed in distortion before
the second filter and threshold values expressed in dis-

tortion at the output of the system.

The threshold values reported by Ahlborg (1967) are higher
than in the present report, when using the definition for
distortion of a sinusoidal voltage whose RMS value equals
the RMS value of the speech signal. This one is the only
definition usable for direct comparison. There are, how-
ever, several differences between the tests:. The nonline-
arities are defined in somewhat different ways. The non-
linearities Ahlborg used approximated the quadratic and
cubic functions only within a certain amplitude range; out-
side this range pure saturation occured. The cubic term
was negative. The instructions were different. The liste-
ners in Ahlborgs test were experienced to recognize dis-

tortion etc.

The threshold values for the case of the female voice trans-
mitted by system A (expressed in distortion at the output

of the system) agree fairly well with the threshold values
for detection of X2 and ¥3 distortion of a recorded female
voice listened to by headphones as reported by Gabrielsson
et al. (1976).
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The consequences of the present results for recommen-
dations about maximum allowed nonlinear distortion in
telephone speech may be discussed as follows. Since the
threshold values for quadratic distortion are generally
higher than those for cubic distortion, the maximum
allowed cubic distortion should be set lower than the
maximum allowed quadratic distortion. As regards differ-
ences between broadband systems .(system A here) and narrow-
band systems (B/BL) the limit must be set lower for broad-
band systems if the distortion is measured before the sec-
ond filter. However, for distortion measured at the out-
put of the system no clear difference between broadband
and narrowband systems can be established from the present
results. It is also noted that there is no unambigious dif-
ference in detectability of distortion at the two differ-
ent listening levels of the narrowband system (B and BL),
neither when the distortion is measured before the second

filter, nor when it is measured at the output.

To get some kind of general suggestions from the present
data it may be convenient to refer to the cumulative dis-
tribution of correct judgements in Table III. Trom these
data threshold values corresponding to 75% correct detec-
tion and to 60% correct detection were computed as given
in Table VI. Although the 75% criterion is a common one
for threshold values, it seems preferable here to adopt
the lower 60% criterion not to allow the more sensitive
listeners to detect the'distortion. As can be seen in
Table III there are sometimes 'regressions" in the per-
centage correct judgements {(that is, the percentage cor-
rect judgements is lower for the following higher distor-
+ion level). Such "regressions" occur for percentages be-
tween 39% and 61% and may be taken as an indication of
random error around the 50% value that should result from

pure guessing. A 60% threshold criterion would therefore
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approximately reflect a transition from pure guessing

+o "peal'" detection of the distortion.

Adopting the 60% criterion and especially noting the
cases with the lowest occurring threshold values in
Table VI it seems that the maximum allowed quadratic
distortion would be of the order 12 - 16% and the maxi-
mum allowed cubic distortion of the order 3 - 6%, when
the distortion is measured before the second filter.
The corresponding values for the distortion measured at
the output of the system woddbe 7 - 9% for quadratic

distortion and 2 - 4% for cubic distortion.

It may be argued that the 60% criterion is too severe.
If another criterion is wanted the information given in
Tables III - VI provide necessary information for com-
puting the corresponding limits for maximum allowed dis-
tortion from the present data. It can also be noted that
in practice a telephone subscriber would rarely have the
opportunity to compare a distorted system with an undis-
torted one in rapid succession as made in this test (and
here it also seems easier to detect the distortion when
the undistorted system is presented first). Without such
a direct comparisocon the attitude to the effect of non-
linear distortion may be more lenient, but on the other
hand the listening time in a real conversation is con-
siderably longer than the time used here, which may act
in the opposite direction. A definite answer to the ques-
tion of the most appropriate limit for maximum allowed
noniinear distortion in telephone circuits can thus not

be given without further investigations.
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Figure 6 Number of correct answers relative

peak values of the distortion at
the output of the system.
Averaging time 20 ms.

a) quadratic distortion
b) cubic distortion
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peak values of the distortion at
the output of the system.
Averaging time 67 ms.

a) quadratic distortion

b) cubic distortion



Sentence No. 1

Male voice Female voice
T
Quadratic distortion %] Cubic distortion % Quadratic distortion & Cubic distortion %
Subject A B BL. A B BL A B BL A B BL
10 18.3 35.0 25.0 6.3 15.0 17.0 26.0 »60.0 55.0 17.0 »>u0,0 32.5
11 6.3 17.0 30.0 6.3 26.0 26.0 15.8  50.0 48.3 7.5 28,3 23.3
12 23.3 18.8 30.0 8.8 22,5 16.3 30.0 50.0 >60.0 17.% 27.5 16.3
13 18.8 35.0 42.5 5.6 1u.2 12,5 22.5 50.0 >60.0 13.0 22.5 28.3
Male group 17.5 25.0 31l.1 5.5 17.1 110 22,7 55.0 60.0 4.2 31,1 25.7
1y 16,3 5.7 23.3 13.8 22.5 22.5 23.3 »60.0 >60.0 12.5 22.5% 26.0
15 31.7  55.0 36.7 18.3  30.0 27.5 32.5 >60.0 >80.0 30.0 35.0 30.0
16 35.0 *60.0 52.5 30.0  30.0 26.0 2.5 »60.0 >60.0 19.0 18,3 15.0
17 457.% »60.0 55.0 15.0 32.2 31.3 51.3 »>60.0 >60.0 27.5 22,5 15.0
Female group 32.5 60.0 45.7 18.2 29.6 27.6 y4.3 »60.0 >60.0 4.0 25.% 21.8
Whole group 25.4 1.0 40.0 11.2  25.4  23.1 30.9 >60.0 >60.0 18.0 28.6 24.0
Sentence No.?2
20 15.6 W2.5 u4&.0 7.1  28.3 26.0 ?28.3 19.0 31.3 1.2 16.1  15.0
21 §0.0  55.0 46.0 B.1 35.0 19.0 43.3  50.0 »60.0 19.0 28.3 15.8
22 17.5 u6.0  17.5 12.5 26.0 2B.3 17.0  57.5  56.7 11.3 >u0.0  32.5
23 a.4 42.% 30.0 7.5 18.8 18.3 17,2 3z2.2  31.3 11.3 4.2 9.2
HMale group 15.0  &7.4 4l1.3 8.1 26.3 2.3 23.3  38.3 34.3 .2 18.3  16.1
24 19.2 37.5 43.3 7.5 37.5 23.3 315 30.0 35.7 18.¢ 17.0 >u0.0
25 15.6 37.5 30.0 7.5 30.0 30.0 76,0 28.3 31.3 15.0 13.0 - 16.8
26 16.1  33.8 28.3 7.1 18.8 28.3 28.3 31.3 30.0 15.0 15.0 4.2
27 15.0  55.7 50.0 6.9 28.3 3%.9 31.3 22,5 32.2 15.0 15.6 14.2
female group 16.3 43,1 u0.0 7.3  29.0 29.6 30.4 28.7 32.3 15.6 15.2 16.4
Wnole group 15.8 45.6 40.7 7.7 27.8  21.%6 28.0 32.0 32.¢9 15.0 16.5 16.3
Sentence No.3
30 48,3 >60.0 47.5 bL0.0  >u0.0 >46.0 35.0 >60.0 57.5 >k0.0 >40.0 >40.0
31 26.0 W6.0 H3.3 8.1 = 28.3 32.2 51.3 >60.0 u7.5 7.5  22.% 31.3
32 3.7 52.5 >560.0 7.9 32.% 31.5 8.5 50.0 >860.0 22.5 28.3 3.0
33 26.0 50.0 50.0 7.1 32.9 32.2 50.9 >60.0 >80.0 16.1 28.3 32.9
Male group 30.9 50.9 u6.7 8.9 3.1 36.4 444 60.0 60.0 17.7 32.0 33.9
3y .0 57.5 >80.0 7.% 32.9 30.0 56.0 >60.0 58.3 8.5 26.0 35.7
35 30.0 H47.5 37.5% 7.8 26.0 31L.7 46.0 57.5  38.3 4.2 32.2  32.2
36 32.9 46.0 34.0 6.9 32.2 23.3 u6.0 u8.3 50.0 16.5 31.3 33.8
37 38,3 u48.3  30.0 7.5  35.7 32.5 306.0 >60.0  47.5 13,0  31.3 22.5
Female group 34.7  u48.5% 37.5 7.5 32.1 30.0 4u.4 "60.0 51.1 u.2 30,7 32.1
Whole group 33.3 50.0 u0.0 8.1 37.9 33.5 4y, 4% b0.0 55.9 15.6 31.1  32.9
Table I Threshold values for individual subjects, male group,

female group and whole group at all stimulus con-

ditions within each sentence.




Sentence no. 1

Male voice Female voice
Quadratic Cubic dis- Quadratic Cubic dis-
distortion, tortion, distortion, tortion
% % % %
. A B BL A B BL A B BL A B BL

Males

Position 1 16.4 18.4 35.6 7.9 14.4 20.7 27.2 >60.0 >60.01} 13.0 31.1 23.9
Position 2 18.2 46.0 27.1 4.7 22.9 16.7 17.3 46.8 57.61]21.0 32.0 26.8
Total 17.5 25.0 31.1 6.5 17.1 17.0 22.7 55.0 60.0}14.2 31.1 25.7
Females

Position 1 28.3 54.3 46.8 | 18.7 27.7 31.8 46.4 >60.0 »60.0] 25.8 29.9 31.0
Position 2 36.7 >60.0 43.8 i6.0 34.4 25.0 42.2 >60.0 »60.0] 18.5 20.0 9.2
Total 32.5 60.0 45.7 | 18.2 29.6 27.6 44.3 >60.0 >60.0) 24.0 25.9 21.8
Whole group ]

Position 1 22.3 45.0 42.7 13.6 22.2 26.3 33.9 >60.0 >60.0¢§17.3 30.5 26.9
Position 2 28.3 60.0 35.7 6.3 28.4 18.6 26.3 >60.0 »>60.0]19.2 26.3 9.3
Total 25,4 51.0 40.0 11.2 25.4 23.1 30.9 >60.0 >60.0]18.0 28.6 24.0

Sentence no. 2

Males
Position 1 18.1 43.3 37.5 9.7 29.1 27.5 31.1 34.3 36.0}15.8 20.0 19.0
Position 2 5.0 49,2 44.4 4.4 20.0 20.0 15.7 43.3 30.0111.4 17.7 12.5
Total 15.0 47.4 41.3 8.1 26,3 24.3 23.3 38.3 34.3]14.2 18.3 16.1
Females
Position 1 16.8 48.0 44.4 8.5 29.2 32.0 33.6 29.2 34,4117.1 16.9 18.0
Position 2 15.0 33.3 32.0 3.2 28.6 25,0 9.0 28.0 23.3112.5 12.2 14.0
Total 16.3 43,1 40.0 7.3 29.0 29.6 30.4 28.7 32.3115.6 15.2 16.4
Whole group *
Position 1 i7.4 46.3 41.3 9.1 29.2 30.4 32.9 31.0 34.9 {16.6 17.6 18.4
Postion 2 0.8 45.0 40.0 3.8 25,0 22.9 12.9 33.3 26.0}12.0 15.5 13.3
Total’ - 4 15.8 45.6 40.7 7.7 27.8 27.6 28.0 32.¢ 32.9115.0 16.5 16.3

Sentence no. 3

Males
Position 1 32.5 56.0 45.0 10.0 35.4 38.6 44,4 >60.0 »>60.0}115.8 33.3 36.0
Position 2 26.7 46.7 50.0 6.0 30.0 32.5 44.4 40.0 50.01{24.0 30.0 30.0
Total 30.9 50.9 46.7 8.9 34.1 36.4 44 .4 60.0 60.07}17.7 32.0 33.9
Fanales
Position 1 38.5 43.3 45.0 8.7 31.3 33.3 42.5 60.0 53.3}15.6 30.0 31.4
Posgition 2 26.7 52,3 25.0 3.0 33.3 19.2 46.0 60.0 50.0;11.3 31.3 32.9
Total 34.7 49.5 37.5 7.5 32.1 30.0 44.4 60.0 51.1114.2 30.7 32.1
Whole group
Position 1 36.2 49,1 45.0 9.2 33.1 35.9 43.5 60.0 60.0 15,7 31.3 33.8
Position 2 26.7 50.5 32,0 4.0 32.5 27.3 45.3 6.0 50.01(115.4 30.9 31.8
Total 33.3 50.0 40.0 8.1 32.9 33.5 44.4 60.0 55.9115.6 31.1 32.9

Table II. Threshold values for male group, female group, and whole group at dif-
ferent positions of the distorted stimulus and irrespective of positi-
on {= total).



Sentence no. 1

Quadratic diétortion Cubic distortion
System 5 10 20 40 6D% y 5 10 20 40%
A 61% 57 69 92 96 55 66 73 88 100
Male voice B 46 51. 63 65 83 53 53 59 66 99
BL 48 50 62 75 96 50 52 62 71 99
_ A 52 54 64 84 97 54 LY} 61 79 98
Fanale voice B 55 48 49 54 70 50 50 56 62 93
BL 53 53 59 56 62 50 58 6l 71 a3

Sentence no. 2

A 49% 49 94 93 97 51 55 92 90 92

Male voice B 50 53 55 67 96 52 49 55 63 95
BL 52 51 60 74 99 46 39 54 63 96

A 49 48 63 94 98 46 48 55 95 96

Female voice B - 51 47 56 88 96 57 49 50 88 - 92
BL 50 49 49 89 93 49 52 51 89 91

Sentence no. 3

A 56% 56 57 84 100 49 52 89 96 96
Male voice B 46 46 60 62 88 52 54 52 49 89
BL 5l 46 49 75 84 52 39 44 51 @ 87
A 54 57 52 68 100 . 53 53 54 91 96
‘Female voice B 51 45 48 54 75 46 54 61 53 93
BL i 54 57 46 54 80 45 52 54 46 91

Table IIT. Percentage of correct judgements summed

over all eight subjects within the same sen-
tence. ‘



Defi- Voice | Sen- System Quadratic distortion, % Cubic distortion, %
nition tence
1 54 10% 208 | 40% 60% | 2% 5% 108 208 | 40%
i
. i 10 20 38 6 ; Bl 5 11 16 22 28
Ma ~
e 1 B 8 16 3l 57 7 3 7 11 17 24
A 14 28 53 73 3 6 10 17 24
2 B 8 15 30 55 75 3 6 10 16 23
A 15 29 | 55 75 3 7 12 18 25
1 3 B 13 26 49 70 3 6 11 17 24
7 13 26 so ¢! o2 5 9 15 22
Female | 1 5 10 21 a1 el | 2 s 8 14 22
A 7 14 27 52 1 72 3 6 10 16 23
2 B 6 12 23 46 1 66 2 5 9 15 23
EN 13 26 50 170 3 6 11 17 25
3 B 12 24 47 i &7 3 6 10 17 25
! i
. : E
A 2 4 8 14 0.1 0.1 0.3 0.6 1 4
Haie 1 B 1 2 3 6 |1 0.0 0.1 01!l 03} 0.8
i
¥ . ; N
A U T 0.1 0.2 0.4 | 0.9
2 B 1 2 9 15 0.0 0.1 0.2 © 0.5
A 11 19 0.1 0.3 | 0.6 1 3
3 B 0 16 0.1 0.2 | 0.4 1 3
Ii1 : i
2 4 15 0.0 0.1 0.3 0.6 2
Female {1 B 2 3 12 0.0 0.1 0.2 0.5
)
A 1 3 5 119 0.1 0.2 0.5 ¢ 3
2 B 1 2 4 7113 0.0 6.1 0.3 ¢ 0.6] 2
i H
A - 14 % 23 0.2 6.4 ¢ 0.9 1 2 5
 —— S———
3 B 6 | 12 a2 0.2 0.4 | 0.8 2 5
- ;
Table IV: Distortions in percent for different definitions of dis-

tortion.
Definition I

Definition IX

Definition III

p = 1 - p? for the actual speech signals

Distortion of a sinusoidal voltage whose
peak value equals the peak value of the
speech signal

Distortion of a sinusoidal voltage whose
RMS value equals the RMS value of the speech
signal



.Voice

Male

Female

Male

Female

Male

Femnale

System

B/BL

B/BL

B/BL

B/BL

B/BL

B/BL

Quadratic distortion

b 10 20

4 7 15
3 b 10
3 ] 10
1 2 5
4 8 16
3 7 13
3 6 12
2 3 6
4 9 18
3 5 11
4 8 15
2 4 7

40

29
19
20

32
26
23
15

37
22
29
15

60%

Sentence no.

405
30
30
16

Sentence no.

49
40
35
22

Y4
34
44
20

2

2
1
1

Cubic distortion

0.9

2
1
2
1

Sentence no.

1

3

b

T S

2

[ S-I - -

10

& NN W

WG

Table V Mean values of the distortion at the
output of the system. Averaging time 20 ms.

20

NS

Mo~ o=

14
10
13

40%

19
13
11

21
17
16

27
21
27



75% criterion 60% criterion
Sentence o. 1
Quadratic distortion % Cubic distortion % Quadratic distortion % Cubic distartion 4
Voice System Before After Before After Befare After Before After
second second secord second second second second second
filter filter filter fiiter filter filter filter fiiter
Hale
A 25 19 11 7 13 9 3 3
B 51 25 25 8 18 9 11 3
BL O 19 23 ? 18 9 ] 3
Fermale :
A 31 16 18 5 16 8 g 2
B >G50 >30 29 [ ['Y:] 12 17 2
BL >60 >30 24 1 3 53 14 8 2
Sentence Ho. 2
Male
A 186 13 8 4 12 10 6 3
B 13 k1t 28 11 28 18 16 ]
BL Wl 27 28 11 20 13 17 b
Female ‘
A 28 16 15 : 6 18 11 11 y
B 3z 11 17 4 23 7 13 3 |
BL 33 12 16 4 26 9 12 3
3
Sentence Ho. 3 j
Hale
A 33 3l 8 7 22 20 b 5
B 50 28 33 17 20 11 26 13
BL 40 22 3y 17 29 16 25 10
Female
A by . 32 16 10 30 22 12 8
B 60 25 31 13 46 18 24 9
BL 56 23 33 13 45 17 26 10 |
Table VI Threshold values for whole group before and after the
second filter.




