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SUMMARY PAGE

THE PROBLEM

One distortion of speech transmitted through the ocean is
called "time-smearing'. The problem was to evaluate phoneme
intelligibility of speech subjected to time-smearing.

FINDINGS

Speech was degraded by computer to simulate various amounts
of time-smearing, and further degraded by 4000 and 1200 Hertz
low-pass filtering. Results show that the reduction in intelligi-
bility produced by changing the filtering from 4000 to 1200 Hertz
was much greater than the reductions caused by altering smear
duration. However, as duration increased, intelligibility dropped
significantly. The voiceless stop-plosives [p,t] and [k] were the
phonemes most severely affected by the time-smearing; the semi-
vowels (r,1] and [w] were least affected,

APPLICATION

Results shown in this report should be considered when con-
structing special vocabularies for use in communicating by voice
from one submarine to another through oceanic conditions where
time-smearing effects are present.
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ABSTRACT

This report concerns a detailed analysis of the intelligibility
of spoken consonants in time-smeared speech. '"Time-smearing'
is the name given to one of the distortions of speech that takes
place when it is transmitted through the ocean. Recorded tests of
speech materials were treated by computer to simulate varied
degrees of time-smearing, In addition, the speech material was
further degraded by either a 4000 or 1200 Hertz low-pass filtering.
The responses of 320 Navy enlisted men who heard this material
were analyzed for phoneme intelligibility. Results show the re-
duction in intelligibility produced by changing the filter condition
was much greater than reductions caused by changing smear
duration, As the duration of the smearing increased, intelligibil-
ity dropped significantly., The voiceless stop-plosives [p,t] and
[ k] were the phonemes most severely affected by the time-smear
distortion while the semi-vowels [r,1] and [w] were least dis-
turbed. Conclusion: the intelligibility of specific speech sounds
should be considered when constructing special vocabularies for
transmitting speech signals through the ocean, if time-smearing
effects are present.
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SPECIFIC PHONEME INTELLIGIBILITY OF WORDS SUBJECTED
TO TIME-SMEARING DISTORTION

INTRODUCTION

The efficiency of inter-submarine
voice communication is affected by cer-
tain undesirable changes that occur in
the speech signal during its transmis-
sion through the ocean. Speech that has
been passed through an acoustic channel
such as the ocean is distorted by the
phenomenon known as 'time-smearing"
(See Sachs, et al, 1969)3, If an under-
water source and a somewhat distant
receiver are both situated relatively
close to the surface of the ocean, the
sound radiated from the source may
travel toward the receiver over several
different pathways. The radiated
acoustic energy may be reflected from
the ocean floor and the ocean's surface
one or more times before it finally
reaches the receiver, Since these path-
ways are of different length, a single
burst of acoustic energy from the source
arrives at the receiver as a sequence of
two or more distinct bursts that are
separated in time.

For a particular arrival over any one
of the pathways, the signal is still fur-
ther distorted. Since the ocean's sur-
face may be covered with waves and the
ocean floor may be rough, sound will be
reflected at the many different facets
within the area ensonified by the source.
Therefore, after traversing any given
pathway, a single burst of acoustic
energy will arrive at the receiver as
many overlapping bursts. Consequent-
ly, a short pulse may be "'smeared out"
in time. Thus, even in the absence of
gross echoes, speech transmitted over

such a system may be unintelligible if
there is an appreciable amount of
"smearing''., Furthermore, in actual
operation, filter networks might be
necessary at the receiver end to reduce
the background noise from biological
sources, man-made sources, or the
specific '"'sea state'., Appropriate re-
duction in the transmission bandwidth
necessary to reduce these interfer-
ences to an acceptable level may fur-
ther reduce intelligibility.

PURPOSE

The present investigation was con-
ducted as part of a multi-phased study
undertaken to evaluate several differ-
ent aspects of "time-smearing' upon
the overall intelligibility of speech.

A detailed analysis of the intelligi-
bility of spoken consonants in '"time-
smeared' speech would provide in-
formation about the relative effect

of the smearing process on various
consonant sounds and permit the
selection of the more easily under-
stood sound, thereby improving over-
all intelligibility. The information
would be valuable in constructing
special vocabularies for use in com-
municating by voice from one sub-
marine to another when the speech
signal is degraded by ''time-smearing"
distortion, Therefore, the purpose
of the present investigation was to
evaluate phoneme intelligibility of
speech subjected to '"time-smear-
ingﬁ.




PROCEDURE

Recordings of a speech intelligibility
test digtorted by a computer to simu-
Jate the effects of "time-smearing''
were er'esented to panels of listeners
whose responses were analyzed for in-
telligibility of phonemes.

Recording of Stimulus Material. Re-
cordings were made of the 50-item
wordlists A through F of a Modified
Rhyme Test (MRT) (House, et al,
1963)! |using a high quality microphone
and tape recording system. An adult
male talker who was experienced in
preparing intelligibility test stimuli

read the wordlists in a general Ameri-

can dialect while the input to the re-
cording system was monitored with a
VU-meter to insure a constant record-
ing level.

Computer Treatment. The acoustic
transmission path through the ocean
was simulated by computer to be a lin-
ear time-invariant channel. The chan~
nel was completely characterized by its
impulse response. For the transmitted
signal, s(t), the received signal, y(t),
was the convolution of the transmitted
signal, s(t), with the impulse response,
hit). |A digital computer created the
received signal, y(t), by utilizing a
Fast Fourier Transform (FFT) tech-
niquelto convolve digitized speech, s(t),
with the digitized channel impulse re-
sponse, h(t). The impulse response,
h{t), was a sample function from Gaus-
sian xlloise with a flat spectrum limited
to the range 0-5 Kilohertz (kHz). The
degree of "time-smearing' was deter-
mined by the duration of this impulse
response in msec.

Organization of Speech Materials.
The recorded wordlists A through F of
the MRT were computer processed,
organized into a complex set of stimu-
lus tapes, and presented to groups of Ss
at different combinations of low-pass
filter and time-smear treatments. The
overall organization of the experimental
design was determined by a larger,
more extensive study.

The four smear durations were 0,
50, 100 and 300 msec, and the eight fil-
ter settings were 400, 800, 1200, 1600,
2000, 2800 and 4000 Hertz (Hz) low-
pass. Six MRT Wordlists were ar-
ranged in semi-random fashion to yield
one recorded list for each of 32 filter-
smear combinations. These 32 record-
ings were the basis of 8 ""stimulus
tapes', two of each of the four smear
durations. In addition, two more re-
cordings of MRT lists were produced:
one to examine effects of digitizing and
reassembling speech material with the
computer, and the other to assess dif-
ferences in listener-groups. These
latter recordings were sectioned into
five-word pieces which were alternately
interchanged to produce two equated
control lists.

For each of the four smear dura-
tions, one group of listeners was pre-
sented with a stimulus tape that con-
tained half of the eight filter conditions
and one of the two control conditions,
while a second group of listeners was
presented with a stimulus tape that con-
tained the other half of the filter condi-
tions and the other control conditions.
In order to reduce the effects of order
of presentation, the lists comprising
the stimulus tapes were segmented into




ten~item sets and rearranged randomly.
It was concluded that from the elevation
of responses to the two control lists by
the eight groups of listeners (two for
each smear duration) that the groups
performed very similarly in responding
to the experimental material used in
this study. Therefore, the data from
the 320 subjects which made up the
groups of listeners were combined to
create a set of responses by one hypo-
thetical group of 40 random listeners
who heard one MRT list of 50 words for
each of the 32 possible filter/smear
conditions.

For the purpose of the present re-
port, only that data pertaining to low-
pass filter conditions of 1200 and 400 Hz
for smear durations of 0, 50, 100 and
300 msec was studied.

Presentation of Speech Material to
Listeners. The experiment was con-
ducted in a group audio-testing room
that was equipped with 50 matched
TDH-39 earphones embedded in supra-
aural cushions. The stimulus fapes
were presented to 320 normal~hearing
Navy enlisted men divided into eight
groups of 40 each (one group for each of
eight stimulus tapes). The words were
presented monaurally at a level of 70 db
SPL measured at the ear, using a Flat-
Plate Acoustic Calibration Coupler.
Listeners responded on specially con-
structed answer sheets (See Russotti
and Duffy, 19692 containing 6-word
multiple choice blocks for the MRT
word lists., Intelligibility was defined
as the percent of correct responses.

RESULTS

Summarized results for the two low-
pass filter conditions at the four time-
smear durations are presented in Table
1. In the upper half of the table each
entry is the average of the individual
phoneme intelligibility scores for a fil-
ter/smear condition, The phoneme
scores have been translated to the per-
cent of correct responses out of the
total number of presentations for the
particular phoneme. Because of the use
of percentages, the average scores in
the upper half of Table 1 represent an
intelligibility index that assumes each
sound was presented an equal number
of times in any complete 50~-word MRT
list. For comparison, the entries in
the bottom half of Table 1 are the more
conventional type of mean intelligibility
scores. They were obtained by aver-
aging scores across the 40 hypothetical
listeners (described above in Organiza-
tion of Speech Materials). In this latter
situation, the actual number of presen-
tations for each sound varied, and the
score for each hypothetical listener was
computed as the percentage of correct
items out of the 50 for any filter/smear
condition.

These two methods for assessing in-
telligibility produced very similar re-
sults. Except for the 4000 Hz/50 msec
condition of filter/smear, mean differ-
ences in Table 1 were less than 2.8
percentage points for the two kinds of
means. It may be noted that, with the
same exception, intelligibility consist-
ently drops as smear duration increases




TABLE 1

ean percent of correct responses for different filter and smear-time con-

ditions

Entries in the top half of the table are the averages of individual phoneme

intelligibility. The bottom half of the table contains the mean percent of correct
responges for 40 hypothetical subjects for a particular filter/smear condition ac-
cording to the more conventional method of obtaining a single score per subject for

a complete 50-word list of the MRT.

Low-Pass Smear-time in msec
ondition 0 50 100 300
200 Hz 59.5 45,3 41,0 40.2 Average of
Individual
000 Hz 87.6 91,2 79.6 75.8 Phoneme
Intelligibility
1200 Hz 58.8 45,4 40,6 37.0 Conventional
Mean
4000 Hz 85.6  84.0 7.4 76.2 Intelligibility

for both conditions of low-pass filtering.

However, the reduction of intelligibility
is much less for increased smear dura-
tion than for increased filtering. Inci-
dentally, the results shown here for the
4000/Hz condition are nearly identical
to the results obtained when these same
recoydings were time-smear-processed
through the computer without filter con-
ditions (Sachs et al., 1969)2,

able 2 presents the individual pho-
neme intelligibility scores in percent of
correct responses as a function of
smeaxr duration for the 4000 Hz low-
pass filter condition, and Table 3 pre-
sents similar information for the 1200
Hz low-pass filter condition. When
smear duration is increased for the
4000 Hz condition, intelligibility de~-

creases most for the voiceless stop-
plosives [p, t] and [k]. Only two other
sounds, the voiceless fricative [f] and
the voiced stop-plosive [d] show a se-
vere drop in intelligibility. Therefore,
if a vocabulary is to be constructed for
use where speech is affected by time-
smearing, the phonemes [p, t, k, d]
and [f ] should be avoided if possible.
Note that time-smear does not adverse~
ly affect the intelligibility of the semi-
vowels; scores consistently remain in
the 90's. These sounds appear to be
highly resistant to distortion associated
with time-smear, as do the voiced frica-
tives.

Results for the 1200 Hz filter condi-
tion presented in Table 3 show much
greater variability than the results in




TABLE 2

Phoneme intelligibility scores in percent of correct responses as a function
of smear time, for the 4000 Hertz low-pass filter condition.

o
Smear Time in MSEC
Feature of Sound SOUND 0 50 100 300
FRICATIVES VOICED Z 97.5 100.0  100.0 90.0
v 87.5 87.5 92.5 87.5
% 85.0 - 52.5 85,0
R ﬁl

VOICELESS f 89.2 82.5 70.8 61.6
s 95,0 96.3 93.8 90. 6
) 60.0 82.5 55.0 71.8

f 97.5 100.0  92.5 -
STOP- VOICED b 81.17 83.3 70.0 76.3
PLOSIVES d 90.0 90.0 87.5 65.8
g 91,7 76.3 95.8 90.8
VOICELESS P ” 81.7 90.0 55,8 57.5
t 91.5 70.0 74.5 38.8
k 80.5 100.0 68.0 55. 0
NASALS m 91.3 95.8 72.5 80.8
n 90.0 93.8 85.6 96.9

M 85.0 97.5 80,0 —_—
SEMIVOWELS T 97.5 97.5 97.5 95.0
1 L 82.5  97.5  92.5  98.8
w ! 98.8 97.5 96,3 95.0




TABLE 3

Phoneme intelligibility scores in percent of correct responses as a function
of smear time for the 1200 Hertz low-pass filter condition.

Smeayr Time in MSEC

Feature of Sound SOUND 0 50 100 300
FRICATIVES VOICED Z 23.1 80.8 26.9 i
v 11.5 42.3 3.8 11.5

- 7.7 — —
VOICELESS £ 61.5 30.8 46.2 34.6

s 34.6  44.2 16.7  20.0

) -— — = 53.8

f/ _— 11.5 - 7.7

STOR- VOICED b 82.7 19.2 43.3 79.5

[ =

PLOSIVES d 58.7 47.4  86.5 13.5
g 78.8 11.5 55.8 75.0

VOICELESS P 54.8 50.0 31.17 30.8

a4 20,8 26,9 240 l

k 74.0 32.3 52.9 25,0

NASALS m 69.2 51.9 56. 4 29.5
n 66.3 47.4  26.9 35.6

) 19.2 84.6 11.5 46.2

SEMIVOWELS r 100.0 80.8 50.0 88.5
1 96.2 73.1 88.5 73.1

W 100.0 75.0 92.3 65.4




Table 2. Consequently, it is more dif-
ficult to see the effects of increased
smear duration. This is especially
true for the fricatives and voiced plo-
sives. However, as with the 4000 Hz
filter condition, a consistent decrease
in intelligibility occurs for voiceless
plosives as smear duration is increased.
Note that the semi-vowels no longer are
immune to variations in smear duration
when the signal is passed through the
1200 Hz low-pass filter. A comparison
of Tables 2 and 3 reveals an apparent
interaction between the semi-vowels
and the 1200 Hz low-pass filter condi-
tion which is deleterious to the intelli-
gibility of speech.

From analyses of Tables 2 and 3 we
may conclude that voiceless plosives
should be avoided whenever possible if
time-smearing conditions similar to
those studied here are imposed upon the
speech signal. If there are no severe
additional filtering restrictions, the
semi-vowels [r, 1] and [w] are the
preferred phonemes for maximizing in-
telligibility. In fact, although affected
by increased smear duration, the semi~
vowels still produce greater intelligi-
bility than do other sounds, when only
frequencies below 1200 Hz are passed.

Phoneme intelligibility scores were
used to compute Pearson Product Mo-
ment Correlation Coefficients (Table 4)
among the different durations of time-
smearing, Enfries in the upper-right
half of the table were calculated for the
1200 Hz low-pass filter condition from
scores in Table 3, and those in the
lower-left were calculated for the 4000
Hz low-pass filter condition from
scores in Table 2. The lowest correla-
tion for either filter treatment was be~

tween scores of the 0 and 50 msec
smear durations., Under the 1200 Hz
low-pass filter condition, the phoneme
intelligibility for the 50 msec smear
duration correlated poorly with that of
the other three smear times (r= .01,
.08, .12). Likewise, under the 4000
Hz filter condition, the r's of .34, .41,
and .56 between phoneme intelligibility
at 50 msec smear duration and phoneme
intelligibility at the other smear dura-
tions are lower than most of the re-
maining correlation coefficients.* Only
the r of .56 reached the 95 percent level
of statistical confidence. Apparently,
something happened to the pattern of
phoneme intelligibility scores at the 50
msec smear duration so that they are
not predictable from the scores ob-
tained for the other smear durations
tested. We may conclude from these
data that phoneme intelligibility for the
50-msec duration cannot be predicted
from phoneme intelligibility obtained
under other time-smearing conditions.
Conversely, those phoneme intelligibil-
ity scores obtained under 50 msec
smear conditions are not good predic-
tors of the scores obtained under other
time-smearing conditions. In contrast,
the statistically significant positive
correlations among the 0, 100 and 300
msec smear conditions support the no-
tion that the most intelligible phonemes
under one smear condition generally
will be the most intelligible phonemes
under other conditions. The exception
to this relationship occurs for the 0 and
300 msec smears when combined with
4000 Hz low-pass filtering, The low
correlation between the data of the 50

*The 0/300 msec time—smear correlation coefficient
of r = .40 is an exception.




TABLE 4

Correllations between different smears for specific phoneme intelligibilities.

|
|
| SMEAR CONDITION IN MSEC
|
| 0 50 100 300
|
ll—
ol 0 .01 .78 .78
: 13
50 .34 .12 .08 5 <8
& o9 g
Z 100 73 41 51 =
‘éf 300 .40 .56 .63
—ﬁ
<
&
ﬁ 4000 Hertz
g Low-Pass
7 Filtering
|
|

rasec jcondition and other smear condi-
tions, especially when subjected to 1200
Hz low-pass filtering, indicates the
need for a separate, special vocabulary
should time-smearing conditions simi-
lar to 50-msec duration be present.

UMMARY AND CONCLUSIONS

(jLe distortion of an acoustic signal
which is caused by its transmission
through the ocean is called "time-
smearing', This study investigated the
effect of time~-smearing on the intelli-
gibility of specific sounds of speech.
Recorded tests of speech materials
were treated by computer to simulate
varied degrees of time-smearing. In
addition, the speech was further de-

graded by either 4000 Hz or 1200 Hz
low-pass filtering. Responses by 320
sailors who heard this speech material
were analyzed for phoneme intelligibil-
ity. The reduced intelligibility pro-
duced by changing from 4000 Hz to 1200
Hz low-pass filters was much greater
than the reductions attributable to var-
iations in smear duration. As the dur-
ation of smearing increased, intelligi~
bility dropped significantly. The
voiceless stop-plosives [p, t] and (k]
were the phonemes most severely af-
fected by the time-smear distortion and
consequently, should be avoided. On
the other hand, the semi-vowels [r, 1]
and [w] were least affected and should
be incorporated into any vocabulary
designed to alleviate time-smearing
distortion. Results in this report of the




intelligibility of specific speech sounds

should be considered when constructing
special vocabularies for use in trans-
mitting signals through oceanic condi-
tions where time~smeaaring effects are
present.
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