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SUMMARY

TheEDGE seemssuitablefor measuring andrecordingthe
variousdiveparameters, suchasdepth, times, temperature,
etc. It seemssuitablefor somesinglefixed depthdivesand
onsomesinglemulti-level dives, if sufficient careistaken
to ensure a sensible dive plan, eg. diving from deep to
shallow.

Itsusein any repetitive dive situation, with either fixed or
multi-level dives, should be discouraged.
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DIVER NAVIGATION BY MEANS OF
ACOUSTIC BEACONS

Harry Hollien
SUMMARY

Diverstraditionally havedifficulty navigating underwater.
In air, they have vision plus all types of sensory cues to
accomplish this task. However, when submerged, the
diver’ svisual modality issharply impaired and in asense,
he or sheisleft virtually blind. Ordinarily divers attempt
to navigate by compass (dead reckoning) but research has
demonstrated that this approach leads to unacceptable
errors. Some other approach, then, needsto be devel oped.
In thisregard, we have carried out and reported a number
of experimentsfocused ontheabilitiesof diverstonavigate
by means of programmed acoustic signals. It has been
found that sound which “moves’ underwater (ie. viathe
UAPP or Underwater Auditory Phi Phenomena) greatly
aidssoundlocalizationand, ultimately, navigation. Indeed,
for diver retrieval this phenomenais so powerful that no
subject inany of our experimentshasever svumtoanarea
except that containing the signal source. Previousy
published datawill bereviewed briefly and new dataonthe
effects of experience and/or training on diver navigation
by acoustic signal will be presented.

INTRODUCTION

Diver navigationandretrieval of personnel continuestobe
a very serious problem. At present, only a very few
partially developed systems are available (explosives,
dead reckoning, beacons, etc.) that will permit even the
most limited (controlled) travel underwater. Thissituation
results from the fact that, when a person is submerged,
there are very few (to no) location markers and his or her
visionissharply limited. That is, in the normal situation
(ie. in air), humans utilize their vision for observing
markers, localizing objects and moving from place-to-
place. Underwater, however, human vision is greatly
limited, the diver quite often isfunctionally blind or close
to being so. Asstated, the consegquences of this condition
are quite serious; divers often are unableto | ocate objects
or team members, swimto desired | ocations/targetsand/or
find their way “home”. Thislatter problem can beapretty
grim one if the diver is saturated. Traditionaly, the
solution to the problem has been the use of an underwater
compass with the diver navigating by “dead reckoning”.
However, Andersonl hasreported an experiment wherein
hestatesthat “ evenfor well-trained subjects... theaverage
performance accuracy ... was plus or minus 53 feet from
the centerline of the measurement array or 3.98 degreesin
compass error ... in an operational situation when adiver
might be engaged in an underwater search task or in
accurate placement of underwater sensors, this level of
performancewouldbemarginal.” Indeedso. A navigational
error of thismagnitudewoul d becomecrucial, and possibly
fatal, for saturated divers or divers attempting to find a
moving vehicle. Toillustrate, if asaturated diver made an
error in navigating back to the underwater habitat aslarge
asthat reported by Anderson, he could easily missit, and
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being saturated hewoul d beunableto surfaceandreorientate
himself. Asamatter of fact, navigational errorsof thissize
would prove undesirable under amost any underwater
situation. Further, due to the nature of diving, the use of
complex, bulky (and often unreliable) electronic systems
for navigation has proved to be but minimally effective.
Hence, we suggest that some other type of sensory
mechanisms be substituted for vision to compensate for
theciteddeficit. Specifically, weproposethatitispossible
to utilize the diver's sound localization abilities as a
substitute.

DIVER HEARING

Knowledge about underwater auditory function is both
sparse and primitive. 1t would appear that a great deal of
data must be obtained before very many basic hypotheses
and postulates can be (inductively) generated. We have
found that, when attempting to predict underwater hearing
behaviours and mechanisms, immersing humans resulted
in effects that biased our predictions. In other cases,
existing variables (noise, reflective surfaces, stress, etc.)
appeared to change human behaviour in significant ways.
Perhaps the most important fact isthat it isimpossible to
directly duplicate normal researchtechniquesunderwater.
Rather, a great variety of life support systems must
necessarily beattachedtothediver withtheir concomitant,
and shifting, effects on the responses made to heard
stimuli. On the other hand, we believe that current
technology permitssystematic and appropriateresearchto
beappliedtothese problemswiththeresult that reasonable
solutions can occur. A brief review of some of the more
important findings in this area of inquiry would appear
appropriate to demonstrate that some useful concepts are
already available.

Initially, there was a substantial question about the
sensitivity and nature of underwater auditory function in
humans. However, it has been shown recently that the
auditory capability of the submerged ear is not nearly as
impaired as was thought. For example, when divers are
submerged, their hearing isconductively reduced but they
do not experience neurological impairments. That is,
although thereis aloss of sensitivity, adiver can detect a
sinusoidal signal between 125 and 8000 Hz at 60-70 dB
SPL .29 Thissensitivity to soundiswithinthenormal range
for conversational speech in air at a distance of one foot.
Thus, athough underwater hearing is accomplished
primarily by “boneconduction”, hearingfunction otherwise
isnormal as speech reception thresholds relate normally
(ie. plus 15 dB) to standard thresholds for sinusoids and
speech discrimination is norma once the sound can be
heard_ﬁ,lo,ll

Divers soundlocalizationability alsohasbeenfoundtobe
far superior to that which was originally predicted,’**® as
hasthepossibility that diverscan navigateby sound. 1121417
The combined results of these experiments result in the
suggestion that pulsed low-frequency sinusoids or glides
(up to 1 kHz) and broadband noise are superior to other
signals for localization purposes and there is no distance
effect.’® Further, it wasfound that the sensation of acoustic
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“movement” can be a powerful localization cue. %1t |t
also has been observed that the difference in the minimal
audible angle (MAA) in air and water is less than 10
degrees and the difference between absolute localization
precisioninair andinwater isapproximately +5degrees. 622
Finaly, Thompson and Herman® found that the pitch
discrimination of diversdoesnot differ markedly fromthat
of listenersin air. Thus, adiver is potentially capable of
identifying subtlepitch, quality and distancedifferencesin
acousticsignalsand should beabletoutilizethisinformation
in order to determine the location of various underwater
sound sources.

On the basis of the several sets of data discussed above, it
appeared that divers might be capable of localizing sound
sourcesunderwater and of potentially utilizing thisability
to navigate. For example, if they were ableto “home” on
abeacon, asubstantial improvement in underwater safety
would result. Accordingly, we consider it profitable to
study human behaviours and capabilities related to this
issue. Moreover, data from arelated set of experiments
convinced us that we had inadvertently uncovered a
perceptual characteristic related to underwater hearing
that could provide a powerful aid to diver navigation and
retrieval. Asaconsequence, wewere ableto hypothesise
that a line array of underwater projectors, energized in
sequence to produce an apparent auditory “movement”,
would provide an effective localization signal. In theory,
the array would produce an Underwater Auditory Phi
Phenomenon (UAPP) similar to that produced (visually in
air) by landing light systems for aircraft runways or on
theatre marquees. The resulting pilot investigations
suggested that the Phi characteristics were of such good
potential, that we devel oped and have partially carried out
(nine major experiments) an extensive research effort
designedtostudy itseffectivenessrelativetodiver retrieval
and navigation. This paper reviewsthe already published
information plusreportsnew dataresulting from oneof the
cited experiments.

METHOD

While much of our earlier work on sound localization and
underwater distance estimation abilities, plus the pilot
studiesassessing acousti c beaconsand the UA PP approach,
was carried out in the ocean, most of the current studies
were conducted in a quiet lake on a military reservation
(CampBlanding). LakeMagnoliaisalmost 1.5by 1.0km
in size and slopes gradually to a large central areawith a
depth of nearly 15 m. It proved to be an ideal site for the
highly controlled, basic research that we found necessary
tocarry outinitially. For thecited experiments, three J-11
transducers were positioned 3m apart in alinear array at a
depth of 7m perpendicular to a straight line 150m
experimental range as seen in Figures 1 and 2 (page 129).
The acoustic signals used in the “training” investigation
werechosen fromamongthoseeval uatedin pilot work and
earlier experiments.t” Specifically they were:

1. A 500Hz square wave of 500 msduration and with 25
ms rise/decay times.
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Figurel. Schematicdiagram of thebarge, thetransducer array and the plane (float to float) al soincluded aspart of thetarget.

Figure2. A schematic drawing of the range used in many of the UAPP experiments. A isthe equipment van, B agenerator
and Cistheshore. LineE carriesthe signal to the staging equipment on barge E. The J-11 sare placed 7m under the barge
(seealso Figure 1) and “hits’ are counted when the diver passesline H (between the floats anyway). Therangeisdepicted
by L and the starting point by K (I and Jrefer to other experiments).
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2. A 1.0kHz sguare wave of 500 msduration and with a
100 msrise/decay.

3. A 0.2-2.0kHz noise of 1 sec duration and with 50 ms
rise/decay times.

Depending upon the particular study, the divers generally
swam one or moretrialsinvolving:

1. asingle beacon (SB) source,

2. acompass (C) dead-reckoning procedure (no acoustic
signal),

3. amultiple beacon (UAPP) source, and/or

4. aprocedure utilizing a compass in conjunction with
one or more of the multiple beacon signals (MBC).

Inall cases, the diver/subjects participated in two or more
“visua” (V) swimsinwhichthey followedalinepositioned
alongthebottominadifferent part of therange. Thevisual
trials ordinarily bracketed the other trials and the mean of
thetwo swimswas used to obtain base-line datarel ativeto
the time each diver would need to swim 150 m (see range
D; Figure 2). Aswould be expected, the various multiple
beacon (MB) conditions were counter-balanced across
diversin order to minimize inadvertent learning effects.

Eachdiver (K) wastransported by boat to the starting point
located 150 m (or more) fromtheacoustictarget (seeagain
Figure 2). He descended to a depth of 7 m and was spun
approximately three times by a buddy diver. He then
indicated his preparedness to begin the trial by pulling
several times on his safety line which was attached to a
small buoy (hewould tow thebuoy during theentiretrial).
Thesafety lineand buoy al so servedtomaintai nappropriate
diver depth as the connecting line was 7m long and the
diver was requested to keep atight line between himself
andthebuoy. Thediver wastimedfromhis“ready” ; signal
to when he or she reached the acoustic target (G) or he
swam past the vertical plane (H) of the transducers. The
processesinvolvedintheseexperimentscan beunderstood
also by consideration of Figure 3, at least from thediver’s
point of view. Subjects for these experiments were both
male and femal e, trained and untrained diversdrawn from
the IASCP team and the University of Florida.

RESULTS
Basic Data

Table 1 provides basic data previously reported;'” that is,
it will serve as a summary for several of the earlier
experiments. All valuesare proportionsof themeanvisual
swimtrials. It should be noted that values of lessthan 1.0
indicate atrial time which is faster than the visual swim
and, conversely, trial swithvaluesgreater than 1.0required
moretimeto completethan did thevisual swim. Ascanbe
seen, thefastest trial (0.8) wasshared by diversM-1for the
noise signal (MB3) alone (ahit) and M-7 for the compass
swim (amiss), while the slowest time (5.7) wasturned in
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Equipment
(at Surface)

1 Transducer 2 Array 3

— Direction of Projector Activation =i

(Activation sequence is then reversed)
{upon which)
(apparent movement is reversed)
s Apparent Movement of Sound —ems——lg.

Diver

( Actually some )
distance away

Figure 3. Thisdrawing portrays the procedure by which
thediver navigates. Thesound attractshimtothetarget by
first moving from left to right (from J-11-1 to J-11-3) and
then from right to left (J-11-3 to J-11-1) and so on.

by diver M5inresponsetothesinglebeacon (SB); thistrial
ended in amiss also. A hit was scored when the divers
either reached the transducers (G in Figure 2) or bisected
the transducer line between the buoys (H); a miss was
scored when the diver stopped before reaching the buoy
(evenif only by afew feet) or missed the area between the
buoys.

The primary conclusion that may be drawn from these and
related dataisthat thediverswere, infact, abletoeffectively
utilizethemultiplebeacon signalsto navigatetothetarget.
Indeed, whilethetimesfor some diverswere occasionally
high, no subject swam into any area other than that at, or
adjacent to, the target. Furthermore, in many instances
performance times are very close to those for the visual
swims, ie. where the divers simply swam the 150 m
distance following aline aong the bottom. In short, itis
clear that divers are able to “home” on the basis of heart
stimuli.

It was expected after the pilot study, the multiple beacon
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TABLE1

Navigation scores for each diver and condition; values are proportions of visual swimtimes. Data for subject M-7 are

incomplete as he did not return for the final set of trials.

CONDITION M-1 M-2 M-3
C 1.7 15 1.2*
SB 2.6* 24 27
MB1 24 41 3.6
MBC1 1.1 22 31
MB2 2.6* 1.8* 5.2*
MBC2 10 29 35
MB3 0.8* 2.3 39
MBC3 0.9* 17 2.4

MB1 =500 Hz; 500 ms; 25 ms, MB2 = 1 = kHz; 500 ms; 100 ms, MB3 = N2k; 1 sec; 50 ms,

M-4

1.2*
27
3.6
1.1*
32
1.3*
11+
1.1*

M-5 M-6 M-7 MEAN %
HITS
17 15 0.8 137 29
57 19* 2.6 2.94 29
2.3 39 2.0 3.13 14
1.4* 1.6* 1.0* 164 71
29 2.7* — 3.07 67
19 1.2* — 197 50
24 1.9 — 2.07 67
2.2* 14 09 115 57
* = hit

TABLE 1. Navigation scoresfor each diver and condition; values are proportions of visual swimtimes. Datafor subject
M7 are incomplete as he did not return for the final set of trials.

proved to be a more powerful cue than did the single
beacon with the noise signal associated slightly better
timesand scores. Moreover, even though thetimesfor the
beacon swims often were slower than for dead-reckoning,
accuracy was substantially greater and perhaps, most
important, thebeaconsprovided self-correctinginformation
not available from acompass. Finally, since greater than
expected variation was observed among diver
performances, alearning function wassuggested. Thatis,
all divers showed improvement as the experiment
progressed (no matter what the sequence of trials) with
some showing greater improvement than others.
Unfortunately, duetothestructureof theearly experiments,
the nature of thistraining function could not beisolated. 1t
was tested later and is reported below.

Training Effects

As stated, the results of the several previous experiments
suggested that amuch stronger learning functionexistedin
the development of diver navigation by UAPP than was
previously thought possible. Therefore, the effects of
learning (or training) on the diver’ s ability to perform the
cited tasks was studied. Only one MB signal wasused in
this experiment; it was the 0.2-2.0 kHz white noise of 1
second duration with a 100 ms rise/decay time and a 100
msoverlap. Nine certified divers served as subjects; four
were experienced with underwater research on hearing
and auditory localization whereasfivewerenot. Training
consisted of alecture, atrainingtrial with feedback andthe
multiple trials of the experiment itself. The diver's task
was to navigate a 150 m course (using the cited beacon)
either 10 times or until his performance plateaued. In
addition to the acoustical trials, the diver also swam three
150 m visual trials (as swim speed controls). Thediver's
learning curvewasassumedtohaveplateauedif heachieved
consecutive trialsin which:

Twowere“hits” and arrival timeswerelessthan 1.5 of
the mean visual swim time (VST);
threewerehitsand arrival wasless-thanor equal-to 1.5
of VST; or

threetrialswerewithin 3 m of thetarget and thetimes
werelessthan 1.2 VST.

Aswiththeearlier studies, a“hit” was defined asthe diver
navigatingtotheacoustical target, ie. arriving at one of the
transducers, passing between them (the water was turbid
and sometimes the subjects passed the target without
seeing it) or passing between a J-11 and an outlying buoy.

The datafrom this experiment can be utilized to establish
several relationships. First divers improved their
performance asafunction of continuedtrialsand adiver's
previous experience, or lack of it, with the underwater
hearing research turning out not to be a factor in the
determination of hisor her performance. Thus, sincethe
functions of al diver/subjects were similar, we would
suggest that it should be just as easy to train naive divers
to navigate acoustically, asit would beto train diverswith
previousexposure. Second, threemeasuresof performance
wereutilized (time, angleand atime/anglecomposite). Of
these, only the angle metric was found to dramatically
measure changein performance. Specifically, swimtimes
stabilized very quickly, ie. from 1.1 to 1.5 of visual swim
by the second trial. A similar observation could be made
for accuracy; indeed, there were only 4 per cent misses,
and very close ones at that, in all the trials after the fourth
and all diversarrived at one of the transducers 87 per cent
of the time from thefifth trial on. In other words, divers
improvedintheir navigational accuracy whilemaintaining
fairly constant swimming rates and, as may be seen from
observation of Figure4 (page132), most of theimprovement
in accuracy occurred within the first few trials. By that
time, subjects had reduced the angle metric to about 1.5
degrees, which correspondsto an error of lessthan 4 m at
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Figure 4. Graphed data depicting the function by which
diverslearn to navigate by UAPP. Asmay be seen, most
learning takes place within the first few trias.

the transducers. Moreover, a particular feature of the
multiple beacon approach is that it appears to be self
correcting.

CONCLUSIONS

Anintegrated and systematic programme of research has
been undertaken at the University of Floridain order to
developanoperationa systemfor acousticdiver navigation.
As can be seen from the cited data, the research that has
been completed to date has demonstrated that divers not
only can localize sound underwater reasonably well but
also can usethisability to navigate. To be specific, it was
found that (1) when a multiple sound source was used to
produce the Underwater Auditory Phi Phenomenon
(UAPP), thediversareableto navigateto thetarget almost
aswell asif they had avisual lineto follow and (2) even
untrained diverscouldlearnto“home” acoustically and do
so very quickly. Finally, substantial progress has been
made toward optimizing the parameters of the acoustic
signalsfor the purpose of diver navigation and researchin
thisregard is to be published soon.

Finally, two features of this approach should be stressed.
First, when a UAPP signa constituted the underwater
beacon, not asinglediver ever swam to asector other than
that which contained the sound source. Thisrelationship
hasbeenfoundtoholdfor all trialswithinall experiments.
Second, the procedure clearly is self-correcting, at least
whenthetask isto bring thediver to afixed source. Weare
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now devel oping experiments which are designed to study
thepossibility that UAPPinformation may beemployedto
permit adiver to navigate freely underwater.
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A SPUMSMEMBER ISHONOURED

We reproduce below the citation of the Craig Hoffman
Memorial Award presented at TheUnderseaand Hyperbaric
Medical Society (UHMS) mesetinginBaltimore, Maryland,
USA, in May 1987.

The Undersea and Hyperbaric Medical Society takes
great pleasure in presenting

THE CRAIG HOFFMAN MEMORIAL AWARD
to
CARL EDMONDS

Thisaward is conferred upon the recipient for significant
contribution to diving safety. Dr Carl Edmonds has for
over 20 yearsbeen aleader inthe Australian diving saf ety
community. Hiscontributionstoworldwidediving saf ety
have benefited those involved in military, commercial,
scientific and sport diving.
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Dr Carl Edmonds accepting the Craig Hoffman
Memorial Award.

Dr Edmonds’ accomplishmentscover thegamut of diving.
His contributionsto thefield - marine animal injuries, his
work developing the civilian diving medical courses in
Australiaand the development of in-water decompression
techniques have al played major rolesin diving safety.

Additionally, hisworldwideinvolvement withtheundersea
medical community hasprovided ameansof disseminating
thisworks in diving safety for the benefit of all.

SPUMS congratulates Dr Edmonds, known to the diving
world in Australia simply as “Carl”, on being the first
Australian to be given an UHMS International Award.

DIVING AND SAFETY

POLICY OF THE VICTORIAN ASTHMA
FOUNDATION

Persons with asthma are at increased risk of potentially
fatal lung complications from undersea diving. Diving
itself may induceasthmaattacksand asthmarelated diving
deaths have been clearly documented. The exercise
associated with diving, the changes in body temperature,
the inhalation of dry gas mixtures and the potential for
inhalation of saline may all play arole in triggering an
attack of asthmain the hyperreactiveairwaysof asthmatic
subjects. Additionally, the occurrence of an asthmaattack
may |ead to pani creactionswith mishandling of equi pment
and errors of judgement.



