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air table for diving at altitude, all based on Haldane's
supersaturation ratio principle. The conversion has
apparently been successfully used in a few altitude lakes
around the world. Curiously no equivalent formula had been
proposed for the converse situation of beginning the dive
saturated at a raised pressure such as in a habitat. The
reason for this is that had the Cross method been inverted

and applied to habitats (a very simple piece of arithmetic)it
would have predicted extremely dangerous tables! Thus either
the fundamental Haldane ratio method was incorrect, or as most
table compilers believed at that time, a family of ratios and
critical tissues is involved and it was uncertain which tissue
should be employed for the altitude conversion. This would
perhaps explain why this method has never been officially
acknowledged in such diving manuals as the RN and USN, even
though known for many years, quite apart from the fact that it
has not been fully tested.

With the advent of excursion diving from habitats such as
Tektite I and II, a situation had at last arisen where the
range of validity of the basic model used to generate standard
air tables could be tested. However, conditions for developing
a conversion formula were not exact because instead of air,
the habitat contained 0.2 bar oxygen, balance nitrogen. This
mixture was chosen to avoid problems of oxygen toxicity caused
by extended periods of breathing oxygen greater than 0.5 bar
partial pressure. Thus even though excursions from the habitat
were still on air the diver would not be in equilibrium with
his breathing gas at the beginning of the dive. Completely
fresh tables were computed and partially tested by Edel (1969,
1970) and by Hamilton et al. (1973) and an opportunity to
validate the standard air model was for various reasons not
taken., One was thus left with two apparently distinct methods
to generate air tables!

To compare a dive at altitude or from a habitat with a
standard air dive, care must be taken to define the exact
basis of similarity. If the dive involves decompression stops,
or is a repetitive dive, then a meaningful comparison may not
be possible. This is because the rate of elimination of gas
during decompression or following several recompressions may
be quite different to that of uptake or indeed from one dive
to the next.

There is only one situation which may be compared directly
without such difficulties of interpretation. This is a single
'one off' no-stop dive, which is not repeated within a
sufficiently long period of time, so that all memory of the
previous dive has vanished.

In this case the basis of similarity is obviously that the
volume of gas which would be released on a no-stop dive at
altitude or from a habitat must be identical to that released
following an equivalent standard air dive. The critical volume
of gas which the tissue can just tolerate is contained in the
safe ascent ratio for air in Table 2. The limiting ratio of
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1.361 for 80% Ny gives a value of 1.089 for pure Ny and it is
this value which must be conserved in any similarity situation
involving no-air mixtures or different initial conditionmns.,
However, it is impossible to use this information without a
reliable method of estimating the uptake of nitrogen in the
critical tissue, following a dive of given depth, duration and
initial tissue nitrogen content.

If one follows the US Navy model, and unless the dive is a
saturation excursion, one has the unpleasant task of monitoring
all six hypothetical tissues, each with its own safe ascent
criterion., The critical volume hypothesis, originally
developed for that tissue responsible for marginal bends in
a saturation dive, suggests that the ratio of 1,089 should be
the same for shorter dives. This would normally have been a
simplifying hypothesis at this stage, had more than one type
of tissue been involved in simple limb bends.

An ingenious experiment to determine whether in fact there
is more than one tissue type was designed and tested on goats
by Rashbass (1954) and repeated by Hempleman (1961). Whilst
their results were not completely conclusive, they strongly
suggested that no more than two tissues and very likely only
one tissue was involved. Indeed, as already mentioned, the
current RN and RNPL tables are based on a single tissue model.
Thus as a reasonable hypothesis, it was decided to adopt a
single tissue approach. The next step to consider is a
standard air no-stop table and treat it as though in each
entry the same critical volume of gas is released into the
same tissue following a no-stop ascent. Using this information
Hennessy (1976, 1977) showed how an estimate could be made of
the quantity of nitrogen entering the critical tissue on each
of these no-stop dives, using for example the USN Standard Air
Table as a reference table, This standard quantity of nitrogen
was then used to make a prediction of the actual decompression
that could safely be sustained following an air dive of the
same duration but now commencing from altitude or a normoxic
or air habitat, In the case of diving at altitude, the
predictions were in turn compared with various well known rules,
such as the Cross Corrections, those appearing in the RN Diving
Manual, RNPL Air Tables (1972) and Swiss Tables (Boni et al.,
1976).

For diving following equilibration at altitude (about
12 hours) the conversion formula takes on a particularly simple
form: Dy = 2 Dp/(Pp + 1), where Dp is the actual depth dived,
Pp the barometric pressure at altitude (bars) and Dy the
theoretical depth to be used in the tables. Using this simple
formula, it became apparent that the RN, RNPL and Cross rules
appeared to be too conservative. On the other hand if a dive
is made within 12 hours of reaching altitude, it was shown that
these rules then appeared to be unsafe! If this is correct
then such an obvious anomaly in these rules has passed
unnoticed because of limited use. The predictions were in
fair agreement with the Swiss tables, which were really
unsuitable for comparison purposes because they were designed
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to be used by divers making rapid excursions to high altitude
lakes by helicopter followed by another helicopter flight
post-dive.

Recently, an extensive set of tables has been computed by
Bell and Borgwardt (1977) based on extrapolations to altitude
of the six tissue USN Standard Air Model of Des Grange.
Significantly, the above formula turned out to be in extremely
good agreement with their prediction for a single no-stop dive.

The Cross correction also has a particularly simple form for
the case of diving following equilibration at altitude, viz.

= Dp/Pp, and as previously noted, this formula predicts a
dive which is more conservative than that of the former
formula. This observation appears to be supported to a limited
extent by the general opinion of users of the Cross formula in
such places as California, Mexico and South Africa, but really
needs to be scientifically tested under controlled conditions.

In the case of a no-stop air dive from a habitat, the
predictions agree surprisingly well with the air excursion
tables from normoxic habitats appearing in the NOAA (US
National Oceanic and Atmospheric Administration) Diving Manual.
These were computed and partially tested in both wet and dry
conditions by Hamilton et al. (1973). The latter tables were
generated by eleven hypothetical tissues, each with its own
safe ascent criterion based on an empirically modified nitrogen
model developed by Workman (1965). This vast number of
variables was thought necessary because of the need to predict
in addition the saturation decompression from the habitat
following the excursion dive. Yet, by using an extremely
simple concept of a critical volume of gas and a single tissue

" type, Hennessy (1977) showed that the entire set of NOAA
excursion dives could be economically generated with more than
sufficient accuracy. This fact shows that a multitude of
tissues is largely irrelevant and deceiving: 1In particular
there is a danger of over-parameterization of the model which
may lead to a form of numerical instability. This phenomenon
can occur when using an essentially incorrect model to predict
dives outside its immediate range of applicability. When it is
discovered that the model fails in this case, an attempt is
made to save it by adding still more tissues and safe ascent
formulae. This will in turn generate a further failure when
the new model is extrapolated to yet another longer and or
deeper dive.

It remains to point out that the NOAA tables may still give
rise to decompression sickness if used repetitively. The
tables were de51gned essentially for a single no-stop downward
or upward excursion from the habltat. If the habitat is at the
surface then the dives may be evidently repeated at 12 hourly
intervals, as in a standard air table. However, at greater

saturation depths it is 11ke1y “that gas released on a previous
dive may take much longer than 12 hours to dissipate, and
subsequent dives may become unsafe. In addition some of the
entries in the table are excessively long on high partial
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pressures of oxygen as to constitute a risk of lung damage (in
fact a caution to this effect is being prepared by NOAA).

If gas is released on these marginal no-stop dives, it is
not difficult to show that to a first approximation the time
for its resolution is proportional to the ambient pressure in
the habitat. Thus a dive which takes for example 8 hours to
lose the memory of released gas following a standard no-stop
dive from the surface will require not less than 24 hours if
the habitat is placed at 20 metres. This aspect would demand
that the safe depth of excursion be reduced if repeat dives
are to be carried out. Finally, the decompression from the
habitat could not be safely commenced until such gas had been
completely resolved.

These shortcomings of excursion diving tables serve to show
that there is considerable scope for further research and that
the design and development of optimal schedules under various
physiological and operational constraints is a non-trivial
problem. The overall optimisation philosophy reduces to a
set of well defined multl-parameter set of constraints,
complicated by a poorly defined matheggtlcal model of gas
uptake and elimination, except in particular cases such as
no-stop dives.

MIXED GASES

One of the more interesting aspects of the critical volume
approach is to examine the way in which a mixture of several
gases will combine in a single no-stop dive. Such knowledge
would open the way to the use of multiple gas switching, a
technique pioneered by Keller and Biithlmann (1965). A formula
for such a mixed gas critical volume was developed by Hennessy
(1975) and used to examine the effects of no-stop diving,
oxy-helium and air, with various levels of presaturation of each
inert gas. Recently an opportunity to actually test the
prediction arose in a trial devised at RNPL using a trimix of
407 He, 407 N, and 207 oxygen. This gas is a particularly
popular mixture with divers being free of defects of air and
oxy-helium up to depths of 75 m, such as nitrogen narcosis,
high gas density, thermal loss and helium speech distortion.
The test dive consisted of a series of 25 minute 75 m exposures
each followed by direct ascent to a first stop which was held
for six hours under observation for signs of decompression
symptoms. Once again, a single tissue model was used to predict
the uptake of nitrogen and helium and the critical volume of
gas was used to determine the marginal decompression 'pull'’
that could just be sustained. Remarkably this first safe stop
was correctly predicted to within about 2 m of the final just-
safe value in the vicinity of 10 m. This experiment actually
supported not only the critical volume hypothesis for a gas
mixture but also the single tissue approach and the nitrogen
and helium uptake model.
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FURTHER DEVELOPMENTS

The overall approach in this paper has been to concentrate
solely on the no-stop dive. This simple dive has provided
great insight into comparing different decompression tables
and converting these to a variety of other common situations.
However, real diving almost invariably consists of a repetitive
dive, as for example in the case of a shallow saturation
storage depth, where a diver may typically complete an 8 hour
welding shift, 8 hours off, 8 hours on and so on. At deeper
storage depths, on helium plus 0.4 bar oxygen, he may make
small upward and downward inspection excursion on this mixture
about an oil well christmas tree or other deep installation.
On top of this sort of profile there may also be the occasional
deep excursion to retrieve an object from the ocean bed. The
range of amplitudes and frequencies of such dives is evidently
highly complex and very little is known about such situatioms.
As a first step, RNPL has recently released through the
CIRIA Underwater Engineering Group certain excursion diving
tables which are special subsets of the general case, and the
latest ammendment to -the USN Diving Manual sets out limited
multiple excursion dive tables. Yet, it is a disturbing
thought that by the time a complete understanding of decom-—
pression is at hand, oil wells and divers may have become as
unworked as Cornish tin mines! Fortunately this cloud of
uncertainty does not hang over shallow water maintenance,
scientific and sports divers, where it is probable than when
thermal insulation, convenient transport and communication
become adequately developed for general underwater use, there
will be renewed pressure to avoid tedious decompression. Here
the most useful development would be repeat diving tables in
the form of a digital calculator, capable of accepting any
combination of exposures and initial conditions. Enough is
now known to achieve this target in the next few years. Perhaps
the ultimate goal will be an elec:.ronically controlled
carburettor which will dose the diver with an optimal variable
mixture of oxygen and inert gases to minimise his decompression:
However, the real gain from decompression (and compression)
research will undoubtedly be in aiding the unravelling of
fundamental physiological processes.
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