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ABSTRACT 
There are many situations where adverse speaking conditions 
operate to prevent good message transfer. However, most research 
on the factors which degrade reasonably good speech intelligibility 
have focused on only a single form of disruption. The problem is 
that, until virtually all (multiple) distortions/degradations have been 
studied, there are a number of situations where not even marginal 
communication is reasonably possible. A model is proposed where 
multiple remedies are applied simultaneously. The approach 
attempts to provide acceptable speech intelligibility even where the 
nature of the distorting factors are not fully understood. An 
example is given to illustrate how the model would work; it 
involves speech uttered in the deep diving situation where ambient 
pressure is great and exotic gas mixtures (He02) are used. The 
model in this case, involves the development of a speech lexicon, 
articulatory modification of speakers output, a variety of electronic 
processors and the training of the listeners/decoders. 

1. INTRODUCTION 
It is often necessary to decode utterances under adverse -- or even 
severely adverse -- speaking conditions. The problems here are so 
extensive and varied that full sections of relevant journals and 
congresses often are devoted to their review and potential solutions. 
For example, in 1992, an entire congress on the subject was held 
by ESCA (Speech Processing in Adverse Conditions) in Nice, 
France [14]. 

Degradation of speech intelligibility can result from speaker 
distortions, channel problems or environmental factors. In the first 
case, a talker’s inability to produce clear utterances may be due to 
cognitive problems, a damaged mechanism, physical restraint, 
language inadequacies, psychological problems, illness, the 
presence of chemicals detrimental to speech and so on. They even 
may be intentional (speaker disguise, for example). Second, 
channel distortions also are of major importance; they are almost 
too numerous to list. They include limited passband (telephone 
transmission, for example), noise (narrow band, broad band, 
sawtooth, impulse, etc.), harmonic distortions and so on. Finally, 
the environment in which the speech is produced may contain 
many undesirable factors (for instance high reverberation rates, 
noise). 

Rather substantial research has been carried out on how a 
number of these events specifically operate to degrade speech 
intelligibility. Unfortunately, however, only relatively little 
investigation has been focused on their effects when several occur 
together. Yet, this is what often happens. Consider the following 
example: an intoxicated individual is in an accident and receives 
facial damage; the rescue personnel attempt to decode what he is 

saying beside a busy (noisy) highway. Second, a hard of hearing 
(and excited) child attempts to tell the 911 operator about a fire. 
Yet, most of the remedies to problems such as these are structured 
in a manner which focuses on only a single one of the several 
distortions. Of course, that is how it should be -- at least in the 
beginning. Over time, however, the more common of the 
combinations also should be studied and remedies sought there also. 
But what can be done in the interim - especially for cases where 4- 
6 (or more) distortions occur in sets which, while often predictable, 
provide little intrinsic information as the how to upgrade the 
resulting speech? Obviously a fixed set of procedures (filtering, 
selective editing, etc.) while helpful, would not work effectively in 
most situations. On the other hand, there are others that, although 
complex, are identifiable - ones where the general distortions are 
known even though the specific remedies are not. In these cases a 
response model might be useful. In theory, one such as that 
proposed would have to permit modification of its constituent parts 
or it could not serve in more than one (or a few) instances. 
However, it is argued that such are the basic features of the one 
being presented and that its components can be differently 
adjusted; i.e., for 1) speakers, 2) the environment, 3) transmission 
channel(s) and 4) auditors. Its structure might best be understood 
when presented in a practical form; and the situation chosen is one 
where the speaking conditions are certainly adverse. The focus here 
is on communication in deep diving and under conditions where 
exotic breathing gas mixtures are employed. Some new data on 
He02 speech will be presented also. 

2. THE PROBLEM 
Any person who chooses to participate in deep diving is faced with 
debilitating factors of four major types; their combined effect can 
be substantial. These factors are 1) small to great ambient pressures 
2) exotic breathing gas mixtures 3) high pressure nervous syndrome 
(HPNS) and 4) degraded acoustical environments. Moreover, the 
levels at which these components exist will vary, almost 
capriciously in some cases, systemically in others. The first 
problem involves ambient pressure. A person standing at the 
surface of the earth will experience a pressure of about one 
atmosphere (1 ATA) or nearly 15 pounds per square inch (PSI) but 
as he or she descends into the sea, an ATA is (roughly) added for 
each 10 meters of depth. Thus, at 100 ft the person would 
experience about 4 ATA (or nearly 59 psi) and at 1000 A, this value 
climbs to over 31 ATA or a horrendous 460 psi. Quite obviously, 
the resulting changes (acoustic reflection, radiation, etc.) to the 
speech signal are quite serious. Worse yet, it is virtually impossible 
to study them directly as the nitrogen in air quickly becomes a 
serious narcotic when compressed and oxygen becomes toxic. 
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Indeed, attempts to study these effects on speech at pressures of 
even as little as 6-8 ATA are unrealistic. Nevertheless, there is 
some evidence that increased nasality parallels increased pressure 
and does so primarily because of the increased impendence in the 
airway and reduced mismatch between the gas mixture and cavity 
walls [8]. Moreover, nonlinear shifts in the lower formants and 
some disruptions of other features have been noted [ 151. 

A second intrusive factor also is indigenous to deep diving; it is 
one which permits life to be sustained at great pressures. That is, 
oxygen is sharply reduced as a proportion in the compressed 
breathing gasses primarily due to its toxicity even at modest (3-4 
ATA) pressures. Second, nitrogen is replaced by a light gas -- one 
which sharply reduces any narcotic effect but, more importantly, 
permits itself to be easily expelled from the body during 
decompression (thus preventing decompression sickness). For a 
number of reasons, the gas employed for this purpose is helium 
[2 11. One of its properties is lightness (it is only second in weight 
to hydrogen), a condition which serves to markedly change the 
resonance characteristics of the vocal tract. In turn, this shiR causes 
the formant frequencies of all vowels to be shifted upward; more 
importantly other speech sounds are distorted also [ 1, 8, 16, 261. 
While this change in gas density alone may not seriously harm 
intelligibility, the fact that it varies as a function of depth, plus 
interacts with ambient pressure and other variables, makes it quite 
formidable as a speech degrading characteristic. 

The third major domain is somewhat more difficult to describe 
than the first two. It often is termed high pressure nervous 
syndrome (HPNS); it is a condition that certainly can serve to 
degrade speaker intelligibility. HPNS involves all of the systematic 
and varying physiological and psychological changes that occur in 
the diver [3, 22, 241. While once thought to be an integrated 
syndrome such as Parkinsons, it more properly appears to be a 
collection of several “symptoms”, any of which may be exhibited 
in part or in full by a particular diver. Some of the more obvious 
are tremors, respiratory deficits, narcosis, muscle weakness and the 
like. Moreover, psychological components also can exist 
(sometimes severely so); they are somewhat difficult to assess. 

The final problem area is that of the environment and 
instrumentation. The speech degrading factors in these areas, while 
the easiest to understand, actually can be the most debilitating. In 
any event, they include environmental -- and channel -- noise [4] 
of all types (pumps, tool use, static noise, etc.), high (and varying) 
reverberation, degraded operation of electronic systems and so on. 
This last area is often overlooked; doing so can exacerbate the 
substantial problems which already exist. For example, a 
microphone which works quite well in 1 ATA-may operate poorly 
at 20 ATA. And, how does one calibrate a system at depth when 
the effects of the high ambient pressures on the calibration system 
are not known? Perhaps the most difficult aspect of this final area 
is variability. Any of the factors may or may not be present and, if 
present, they may occur in varying degrees. Thus, it is difficult to 
establish a single or even multiple set of responses here. 

In short, it should appear obvious that the four elements cited 
will serve to degrade the speech of saturated divers and will do so 
even under fairly benign conditions. Worse yet, the severity and 
nature of this degradation can vary markedly and will do so to 
where, at great depths, the speech of the diver/talkers is virtually 
unintelligible. But, which of the known degradations to speech aid 
in adapting the proposed approach to this challenge? First, the 

upward shift of the vowel formant frequencies under conditions of 
He02/P has been established [ 1,2, 59, 161; the effect here is that 
talkers’ speech sounds “high pitched”. A nasal, to severely nasal, 
component also can be observed. Third, it can be noted that, even 
though it appears to exist, the actual shift in FO is minimal and may 
be due to volitional efforts on the part of the divers [18]. These 
several distortions ultimately result in the severe reduction in the 
level of useful speech. However, knowledge about them also is 
useful to anyone attempting to mitigate their effects. 

The ultimate reduction on overall speech intelligibility is 
demonstrated by the data found in Figure 1. Summarized there are 
the results of four major research programs carried out by IASCP 
in collaboration with a number of “hyperbaric” laboratories. Each 
of these projects was fairly massive and, while many publications 
have resulted, not all of the obtained data have been published. In 
any event, the procedures were quite similar for all four. They 
involved saturating 8-12 competent divers at depths of 300 to 1600 
ft. for periods of up to 20 days. Research was variously carried out 
during compression, decompression and excursions. While some 
investigations took place with the diver submerged, all of the data 
reported here were obtained in He02 under the most optimum 
conditions possible (low noise, acoustic bafXIes, high quality audio 
equipment, and so on). The several cooperating laboratories or 
groups were as follows: 1) the U.S. Navy’s Deep Submergence 
Systems Program plus the Experimental Diving Unit [19], 2) the 
Duke University Hyperbaric Facility plus Westinghouse 
(Annapolis MD) chambers [15, 171, 3) the Institute for 
Environmental Medicine, University Pennsylvania [25] and 4) the 
Norwegian Underwater Technical Center, Bergen [ 15, 161. In most 
instances, the speech materials consisted of multiple-choice word 
lists; in only one instance were the talkers trained (Westinghouse). 
The listener groups always consisted of 20-40 young, healthy 
University of Florida students with good hearing. 

Consideration of Figure 1 will reveal that speech intelligibility 
is rapidly degraded by the He02/P process. Indeed, the current 
intelligibility benchmark at the 88% level is passed well before the 
50m depth is reached. Even with the newer experiments, only a two 
thirds correct response could be expected when 300’ was reached. 
Second, decay appears relatively linear for all experiments but the 
one carried out at IEM and a pattern such as this one might be 
predicted logically. Note also, that somewhat better speech 
intelligibility occurred for the NUTEC and DUKE dives. 
Improvement here appeared to result from better environment 
controls and improved transducers. It was not due to any familiarity 
or training effects on the part of the talkers or listeners as they were 
unique to each of the experiments. 

3. THE TRADITIONAL RESPONSE 
The usual response to this rather discouraging situation has been to 
attempt to electronically reconstruct the distorted speech of the 
talker. Yet assumption that these deficits can be “corrected” by 
(and only by) electronic processing would appear somewhat 
counterproductive. Worse yet, most attempts at such 
reconstruction have been to linearly shift the vowel formants 
“down” to their “normal” positions. This process does not take into 
account the noninearity at the lower frequencies nor does it include 
consideration of other factors critical to speech perception. For 
example, since a substantial portion of speech intelligibility resides 
in the correct identification of consonants, reconstructions of these 
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phenomena would appear warranted also [27]. In any event, both 
time and frequency domain systems have been developed [7, 11, 
231 but with only limited success [lo]. While some improvement 
in the situation has occurred due to the work of Belcher and his 
associates [2], “ unscramblers” alone still do not appear capable of 
upgrading He02LP speech to acceptable levels. 
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FIGURE 1. Speech intelligibility as a function of He02/P. 

4. A MODEL 
Adaptation of the cited four-part response model may be found in 
Figure 2. As will be seen, the effort involves modifications to 1) 
language, 2) the speech of the talker, 3) the speech signal and 4) the 
auditors or decoders. As would be expected, the key to success 
here is to apply all four components, if not instantaneously, at least 
simultaneously. However, they will be discussed serially here. 

The first modification (A) would be to enhance the diver’s 
speech production so that even this effort (alone) would upgrade 
speech intelligibility. The basis for this thrust is that it has long 
been observed that some divers were substantially more intelligible 
than others, even under similar speaking conditions and this 
postulate is backed by a large literature of a general nature. 
However, some direct evidence would be needed as to whether or 
not these relationships might hold in the He02/P environment. 
Hence, a series of experiments was carried out both underwater and 
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in chambers at depth [ 15, 17 1. One of these was conducted at the 
Westinghouse Hyperbaric Faculty (as part of the Duke-Westing 
house series). In this case 12 divers, equally divided by gender and 
selected for diving and speaking skill, were saturated at 300’ feet in 
He02. All were associated with the IACSP diver communication 
program and, more importantly, with the phonetic sciences 
academic program. In any event, they were rigorously trained (over 
a six months period) to produce highly controlled speech and, 
especially to control one speaking parameter at a time. Six 
parameters were studied: high speaking fundamental frequency, low 
FO, slow speech, fast speech, loud speech and speech with very 
precise articulation. The result of part of this research may be found 
in Table 1. It will be noted that loud and precise speech provide the 
best intelligibility at depth and low FO and slow speech also helped. 
As would be expected speaking rapidly was detrimental and, 
surprisingly, so was raising FO (a behavior practiced by many 
divers). Based on this and other research, it would appear that 
divers can enhance speech intelligibility by the patterns they 
employ. 

Second (B), an upgrade in communication efficiency should 
result from a research-based reduction in the extent of the language 
available and the formation of special message lexicons. A program 
of this type is being carried out [6, unpub.]. The focus here is on 
the establishment of preset messages permitting operations , 
housekeeping, emergencies and the like. Research has been carried 
out (with experienced divers) in an effort to ident@ the most 
desirable and those of greatest importance. Additional research 
focused on message construction and on those phonemes which 
show the greatest resistance to the distorting effects of He02LE? 
While some progress has been made here, additional effort will be 
necessary. Moreover, this factor is the one which will require the 
greatest disruption in diving operations. That is, it is expected that 
it will take divers time to learn the relevant lexicon. 

The issue of electronic processing (C) actually consists of three 
related parts. First, would be the upgrading of the communication 
links and channels; improvements are being continually made in 
this area [12]. Moreover, procedures that mitigate the effects of 
unwanted signals (especially noise) are becoming more common 
[ 131. Adaptive filtering is especially useful here. Third, the 
sophistication of heliox speech processors (“unscramblers”) has 
progressed to a point where they can make major contributions to 
the enhancement of speech uttered in He02/P environments. In 
short, electronic processing of all types can operate to remove many 
of the cited debilitating effects. 

The final area concerns the auditor or decoder - the person who 
must identify the diver’s message and act upon it (D). Just as with 
the talkers, it had been noted that some individuals were much more 
adept at decoding He02 speech than were others. Moreover, some 

FIGURE 2 
Model of those processes designed to counteract 
the effects of He02/P on saturated divers’ speech. 
The four components (A-D) are discussed in the 
text. 
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research has been carried out on the issue [20] and it has been 
found that just hearing heliox speech serves to materially enhance 
a listeners’ ability to understand it. Other of the related studies 
(unpub) 1 h a so ave shown that these capabilities can be markedly 
enhanced by training, at least up to a point. Thus, it would seem 
that the training of decoders would be of value. 

In summary, it would appear that improvement in the speech 
intelligibility of saturated divers in the He02P environment can be 
accomplished, especially if the procedures provided by the model 
are applied. Moreover, deductive logic would suggest that marked 
upgrading should occur when they are combined. Of course, 
research of this type has not been carried out. However, reasonably 
good improvement was realized in 
the procedures were combined 
modified speech/trained decoders). 

a pair of instances where two of 
(unscram blersitrained decoders; 

Table 1. Summary table of the intelligibility scores of 12 divers 
(six each, males, females) who were extensively trained 
to control one speech characteristic at a time. Data are 
for the condition where an 85 dB sawtooth 
signal was present. All values are in percent. 

masking 

1 

Condition Surface (air) 300’ (He02) 

Normal 93.5 69.1 
High FO 90.3 61.5 
Low FO 89.6 71.7 
Slow 94.6 70.7 
Fast 91.3 63.4 
Loud 95.0 72.3 
Precise* 95.3 72.7 

MEAN 92.8 
RANGE 83.5 - 98.8 

* precision articulation 

68.8 
48.4 - 86.2 
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