





IORHP probabilistic models were calibrated

1sing dq ta which indicated only whether DCI
t,xc,r:uned, or did not occur, following a dive.
The application of the model during a dive
requires more detail with regard to the time
course of DCI risk in order to make reliable
decisions regarding decompression require-
ments as the dive progresses.

A third concern was the enormous
amount of computer time required to calculate
the NMRI consteant risk tables. This resulted
from the need to evaluate literally thousands of
possible decompression profiles in an exhaus-
“global secrch,” in order to meet the com-
peting demands of an accept ('pr risk level
and minimum decompression time. While
decompression tebles can be caleulated with
the desire to

tive

this methed given enough time,
apply this probabilistic algorithm to real-time
decompression calculations required a more
efficient solution to the decompression time
distribution problem

A fourth concern arose because the Nav*y
still wanted a set of traditional printed tables i
addition to the real-time capability. Single dive
trhle calculation is straightfor J”Ird but repeti-

dive tables presented some unique chal-
lences. W PIOCD limit of 5% is chosen anda

\mg & dive profile from such a 5% risk table is

[ollewed, the diver cannot make any: stibse-”
quent dives until declared “clean,” usually
considered 1o be the next day. This r@shlctlon
comes about because, after completing the ini-
tial dive, the diver has accumulated the
allowed 5% DClrisk, and any further dives will
only add to that risk. After enough time has
¢ d for the diver to be considered "clean,”
his accumulated risk is reset to (0%. The solution
would be either 1o know the exact repetitive
sequence in advance and stick to it, or to allow
higher, maybe much higher, risk for the second
and following dives. The former option leads to
unacceplably long decompression times (or
short no-stop limils) for repetitive dives, so that
the dive sequence as a whole comes in under
the 57 allowed risk, and the latter leads to
hiah levels of DCI risk for the

unacceplably
sequence,
The data problem was addressed by the
Oeecumulation of over 4,000 carefully collected
and thoroughly verified air and nitrox dives
from U.5., UK and Canadicn Navy labs. The
oldest of these div 1977, recent
enough to be certain of the quality and consis-
tency of the data. Also for consistency, wherev-
er possible only cold, wet and working dives
were chosen for use in model calibration, since
thal was the application that the algorithm
was intended for. Each reported case of DCI
wed, agoing back to original dive
records where necessary, Those responsible
for conducting the dives were also consulted to
resolve inconsistencies. In addition, a signifi-
cant piece of information was now included
which had not previously been considered; the
specific time ot which bends occurred. This
additional information addressed the concern
over the reliability of real-time results. A prob-
abilistic madel which could incorporate the
time of DCl occurrence into its calculations
would be capable of reliable DCI risk esti-

es dated to

was revie

mates on a scale of minutes or hours, rather
than just whether DCI is likely sometime after
the dive.

The statistical techniques developed at
NMRI provided powerful tools for calibrating
model parameter values with dive data, and
investigators could then concentrate on devel-
oping those details of the models which relate
pressure exposure to DCI risk. Since 1985, all
models have been based on a risk or hazard
function. Definitions of instantaneous risk have

used either instantaneous inert gas supersatu-,

ration, or the time history of supersaturation.

Of several candidate gas kinetic models
tried, earlier work at NEDU coupled with the
new time of DCI data, provided the best fit to
the calibration data set.

The kinelic component of this model is
comprised of three parallel, independent com-
partments, with DCI risk accumulated propor-
tional to the area under the nitrogen "tissue”
over-pressure curves in all compartments.
Figure F1 illustrates the accumulation of DCI
risk for one compartment on a typical decom-
pression dive. On each pull to a shallower stop
depth, the "tissue” pressure exceeds the ambi-
ent pressure and the risk accumulated while
this overpressure persists is proportional to the
shaded area under that curve. The total DCI
risk for the dive is then proportional to the sum
of each of these areas for the three compart-
ments. Since risk exisls only when there is an
overpressure, the model parameters must be
adjusted so that an overpressure exisls, and
hopetully is "high” at the time of each record-
ed DCI occurrence.

In the gas exchange section of the 1993
US. Navy model, nitragen pressure follows
single-exponential kinetics for uptake, and
allows for mixed linear and exponential kinet-
ics for off-gassing, potentially resulting in «
flexible  asymmetric ‘inert gas wash-in/wash-
out. In the best fitting version of this model,
only one of the three kinetic compartments
takes advantage of this asymmetry, the other
two use symmetric exponential-only kinetics.
Similar models, which used only symmetiic
exponential wash-infwash-out kinetics, were
unsuceessful in fitting some of the time of
occurrence data. In particular, some bends
cases occurring several hours post-dive lead
to model failure, since no calculated overpres-
sure was present at the time of occurrence. The
extended wash-out provided by these asym-
metric gas kinetics allows all DCI cases in the
calibration data set to be fit. The 1993 model is
able to accurately predict the overall level of
DCl as well as the time of occurrence in a wide
variely of air and nitrox dives, both within the
calibration data set and among data not used
for fitting.

The massive computer time reguirement
was eliminated by a novel "local search”
method. Rather than wait until the end of a
dive's boltom time to begin searching for an
optimal decompression schedule, this “local”
method searches a much smaller set of candi-
date schedules several times a minute as the
dive progresses. Each search is usually limited
to about five candidate schedules, beginning
with the schedule found to be optimal as a
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result of the most recent search. This method
will be successtul as long as the required
decompression time varies in a reasonably
smooth manner as bottom time and/or depth
increase. Since this method requires a recent-
ly optimal schedule in order to continue the
search, it must begin at the start of a dive,
when the optimal schedule is known-—no
decompression for no exposure. The schedule
that is eventually selected at the end of the bot-
tom time, differs insignificantly from the sched-
ule selected by the "global” search used earli-
er but uses only a fraction of the computer
resources.

The fourth problem, regarding repetitive
diving, was solved by application of “"condi-
tional” probability. Incorporating the time of
bends information in the data set into the prob-
abilistic model allowed the algorithm to pre-
dict not just the level of risk of DCI for a given
profile, but also when DCI was most likely to
occur. Knowing the time course of DCI risk
allows the risk incurred in the past to be pro-
gressively ignored, assuming the diver has
survived without DCI up to the present. In
other words, the diver need only be concerned
with the risk to be incurred in the future. This
idea is illustrated in Figure F1, in which a diver
who has followed this profile, and is now at the
later part of the last decompression stop, has
already survived the risk associated with the
first three risk accumulation periods. This diver
now only needs to be concerned with the risk
of travelling from the last stop depth to the sur-
face. This allows a diver to follow a profile cal-
ibrated to 5% DCl risk, then, assuming she sur-
vives without DCI during the following surface
interval, she can dive another 5% protfile, and
so on for multiple repetitive dives. The calcu-
lated nitrogen tension levels need to be fol-
lowed throughout the sequence. If the surface
interval is not long enough to restore normal,
pre-dive, nitrogen levels, second and subse-
cquent dives will be progressively restrictive,
but only slightly so compared to the "non-con-
ditional” approach discussed earlier.

In order to produce decompression tables
with this algorithm, a calculated risk level must
be chosen. While it may at first seem desirable
to simply choose the lowest possible risk level,
say 1% or less, it quickly becomes apparent
that such conservative limits lead to unaccept
ably long decompression times (conversely
very short no-stop times). In addition, not all
dive environments are equal; no-stop and
short decompression dives are not only done
more often, but also under circumstances in
which a recompression chamber and diving
medical personnel may not be readily avail-
able. A lower allowed DCI risk level may be
appropriate for these conditions, while for
longer, deeper dives, leading to longer decom
pression times, a higher risk level might be
more appropriate. In U.S. Navy diving, these
type of dives require the rapid availability of
recompression facilities and trained medical
personnel.

These factors hqgve lead to the develop-
ment of an innovative "sliding risk” scheme,
illustrated in Figure F2. In this system, a dive’s
acceptable risk starts at a low level, and is then



linked to the required decompression time so
that as decompression lime increases, SO does
the acceptable risk level. F2 shows the shape
of this risk slide with the risk-limits as chosen for
the new decompression tables. This arrange-
ment allows no-stop dives and those with short
decompression obligations to be calculated at
a stringent risk level, while allowing a relax-
ation of the risk limit for more extended dives.
For repetitive diving, the "risk slide” returns to
the low initial level during the surlace interval
between dives at a rate governed by the nitro-
gen wash-out kinetics. Depending on the
length of the surlace interval, the DCl risk level
used to calculate the next dive's decompres-
sion schedule might be anywhere between the
upper and lower limits of the "risk slide.” For
dives designated as “exceptional exposures”
(To only be conducted in an operational emer-
gency according to the USN- ed.) a second

Ap is added to raise the ac -eptable risk
<l again as decompression lime becomes
very long. No further diving is to be allowed for
several days following an exceptional dive.
The sliding risk scheme allows the algorithm to
flexibly adapt to the demands of a variety of
diving situations, while maintaining a com-
mon probabilistic approach. The U.S. Navy
has filed a patent application on the final form
of this algorithm, which incorporates all of
these advances.

I 1991, the algorithm was tested in a
prospective dive trial involving 571 dives. The
profiles in this trial were chosen to be different
from those in the calibration data base as a test
of the flexibility of the algorithm. These dives
included single air, multiple repetitive air and
multilevel air dives, and about 25% of the test-
ed schedules used a combination of air with
oxygen during decompression or shallow tran-
sits. This trial had a bends outcome very close
o that predicted by the algorithm whether the
trial was looked at as a whole, as dives

suped by type of profile, or according to pre-
dicted risk level. The success of this trial veri-
fies the model's applicability to an even wider
variety of air and nitrox dives.

Decompression tables based on the tested
algorithm were computed for both air and the
constant 0.7 atm PO2 nitrox mixes (closed cir-
cuit diving). A single repetitive dive procedure
allows a diver to use both types of breathing
gas; for example, a nitrox second dive can fol-
low an air dive. Tables for other nitrox mixes
could be calculated, but the two gasses men-
tioned above are the only nitrogen based
mixes currently used by the USN. The tables
contain a separate complete set of schedules
for each of 26 repetitive groups (A-Z), with A
representing a “clean” diver. A “clean” diver
beginning a sequence of dives uses the A
(able, and at the end of the dive the table lists
the diver's new repetitive state code. These
repetitive states are a condensation of the infi-
nite number of possible states which could
result from a repetitive dive. Similar to the cur-
rent tables, a surface interval credit table tells
the diver what her new state is at the end of the
surface interval. However, there is no longer
any residual nitrogen time table. For second
and subsequent dives, the diver simply flips to

the complete set of tables for her current repet
itive state and follows the appropriate decom
pression schedule for the next dive. Although
they are far larger than the existing tables,
these new tables are much easier to use,
requiring the diver only to keep track of her
current repetitive state in order to follow even

the most complex sequence. Calculations of

equivalent bottorn time are no longer required,
simply follow the schedule as listed for the
actual dive in the appropriate state’s table.
Schedules in the new air tables will be
different from their counterparts in the 1956
USN tables. At present, only a few generaliza
tions can be made about the nature of these
ditferences: the range of DC risk will be much

p o w el Couors

smaller than the 1 to 45% of the 1956 tables,
most required decompression times will be
longer lor a given dive and most decompres
sion schedules will be sater. A more deta
analysis of specific differences will have to
wait for the public release ol the new ables
scheduled in 1994

hree significant PC compatible comput-
er programs have resulted from this
work, and were demonstrated at the
Undersea and Hyperbaric Medical Society
meeling in july 1993 (Note that the developer
Automation Counselors Inc. Frederick, MD
holds the copyrights—ed.)The simplest ol
these is a schedule look-up program designed

Dive Profiler

dwe prohile outa

th thie

HCH

ORcA

Dive Cormputing Compéary
(703) 478-0333
t (103) 478-0815

“You Don't Have
Yo Be B Rocket

3
©

aqua



e A
Nbyss
Advanced
Rive Planning Software

ot

©® Advanced 32 compartment model
w/ a 256 color, graphical tissue display.
® Multiple dive profiles can be
displayed simultaneously for better
"what if" comparisons.

© Fully editable profiles, allowing you
to edit forward or backward at any time.
® Gas mix optimization for depth,
decompression and individual cylinder
configurations.

® Argon, Helium, Neon, Nitrogen &
Oxygen for all your custom mixes.

® Multiple Day profiles by linking
individual dives together.

@ On-line help & detailed glossary w/
hundreds of diving & hyperbaric terms.

100 User Definable Defaults
@ Multiple decompression & NDL
algorithms w/fully modifiable J-Factors.
@® Variable Ongassing & Offgassing
sampling rate, (1sec-5min).
® Initial surface altitude.
® Alarms: PPO2, Hypoxia & Narcosis.
® Descent & Ascent Rates (0-120f/m).
@ Imperial or Metric units.

Automatic Tracking of your
Current depth, Time to next depth,
Time at depth, Total dive time, Arriving
& Departing PPO2, CNS Toxicity, END,
EAD & OTUs for each waypoint.

Automatic Dive Log includes
© Equipment maintenance scheduler.
® Complete directory of your dive
Buddies & Dive Centers.

® A comprehensive 9-page Dive Log,
w/ location, site, boat, comments, etc...

Recreational, Technical Nitrox &

Mixed-Gas Versions available.

Call Today for a Demonstration
Diskette.
Abysmal Diving Inc.
(303)-530-7248

FAX (303)-530-2808

to assist in planning a table-based dive,
whether single or repetitive, no-stop or
decompression, utilizing air or constant 0.7
atm PO2 nitrox tables. One advantage this
program offers over using the paper tables is
simply in bulk. The program and all tables
can be carried on one 3.5” floppy disk, while
the equivalent paper tables run to several
hundred pages. The program also logs the
selected dive sequence and dallows great
flexibility in exploring "what-ifs," such as
extending bottom time or the surface inferval,
switching between air and nitrox tables,
extending bottom depth to the next tabulated
depth, and several different scenarios can be
compared quickly and easily.

A second program evaluates any dive
profile for DCI risk level. The user simply
enters a desired profile, including travel
rates, boltom time and depth, and decom-
pression stops (or lack thereof), to any level of
complexity. Up to three different gas mixes
(one is always air) may be used on any one
profile, and are defined by the user prior to
entering the depth/time information of the
dive. The program processes the profile input
and provides an estimate of DCI risk, with
confidence limits that depend on the nature
of the dive. The only limitation that the user
should keep in mind is that the algorithm as
presently implemented may underestimate
the DCl risk on dives utilizing oxygen decom-
pression. A dive trial planned for early 1994
will address this specific problem. The report-
ed analysis show; that this program's esti
mates of DCl risk for most other types of air or
nitrox dives are reliable.

The third program is a versatile dive
planner, designed around the same front
end as the above estimator program. Rather
them providing the risk level of a pre-deter-
mined profile, the planner provides a decom-
pression schedule for any selected risk level
and allows the risk slide limits to be modified
to include a wider range of DCI risk. Similar
to the estimator program, up 1o three user-
defined gas mixes may be used on any one
dive scenario, with the same limitation
regarding oxygen decompression.

Tools are now available which can
objectively evaluate the DCI risk of any
decompression profile, and for the first time a

method of calculating  decompression
requirements exists which has a documented
and verified accuracy of DCI prediction
throughout a wide range of air and nitrox
applications, backed up by over 4,000 exper

imental dives. It is hoped that these tools will
bring a new level of confidence to dive safe

ty. The ability to select an acceptable level of
DClI risk, including the capability to vary the
risk according to the severity of the dive,
allows for great flexibility in dive planning,
while retaining the confidence of the under

lying methods.
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Visvalizing
Dgcl(:mpressmn
Risk:

A Comparative Analysis
of the U.S. Navy, British,

and DCIEM Tables
by David Story

The US. Navy hos been doing
ground-breaking decompression research
in order fo create new tables and dive com-
puters which can predict decompression ill-
ness (DCI) risk. As port of their reseorch,
the team at the Naval Medicol Research
Institute (NMRI) hos also analyzed the
decompression risks of the three best
known fables in the world.! This article
uses 3-D visualization techniques to
change their results from a ream of num-
bers info an easily-understood pictorial
representation. Visualization techniques
provides ihe densest possible presentation
of the datasefs in question, allowing us to
"sea” the frends of o large data-set in o
single image.

Figures F1, F2, and F3 present eshi-
mates of DOl risk for each depth/time
entry in the US. Navy, Royal Navy, ond
DUEM tables, respectively. The risk esti-

T1: Comparison of Table Limits
Source Max Depth
US. Novy 300 fsw 12 hours
Royal Navy 200 fsw 11 hours
DCIEM 240 fsw 8 hours

mates are shown starting with the no-
decompression fimits of each table. Dive
depth ond hottom time are combined with
the resultant decompression risk fo create
a risk surfoce. This three dimensional sur-
fuce lies over the risk data points like o col-
ored tobledoth. A wire-frame surface hos
been added to give o better sense of the
shape of the figure. The colors on the sur-
face correspond to the estimated DU risk
ol each point, and ore coded to match
Figure F2 shown in The New Navy Tables,
by Parker et o, pg. 52 in this issue of the
Journal: green for risks up fo 2%, yellow
for risks up to 5%, and red for risks
beyond 10%.

For comparison, the boundaries of
the U.S. Novy Table visualization (F1) are
indicated on F2 and F3 as a thin, blue wire-
frame box. Note how much larger the
Navy risk volume is than the other tables.
It would oppear that the DCIEM tables
offer less risk than the USN Tables for com-
parable profiles though they cover a small-
er set of possible profiles.

Max Dive Time

Table T1, presents the fimits of each
fable. Clearly, simply reducing o fable’s
maximom depth or increasing fotal
decompression fime is not sufficient to
increase sofety.

There are two important patterns
which recur in each of the fables. The first
might seem counter-intuitive: mild decom-
pression dives are actually safer than dives
fo- the. no-decompression fimits. You can
see this from the “irough” created s the
risk surface of each table dips upon enter-
ing decompression. This dip indicates that
the NMRI model considers a sufely stop
wise precaution,

The second trend reminds us of the
limits of our theorefical models, no matter
what kind. Examine risk figures F1-F3 and
note how rapidly risk rises as o function of
total decompression time. All three fables
show an exiremely steep climb in risk os

Mox Risk  Max Deco Time
45.1% 1109 minvtes
44.9% 240 minvtes
18.0% 301 minutes

decompression fimes gef longer, This sur-
prisingly consistent result indicates that
although oll three tables use very different
theoretical models, none is safe enough for
long decompressions; other methods must
be utilized.
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ee also teports 85 16 and

for the derivation andd verili
cation of the madel vsed 0 pradict
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120

240

F1 LS Naw Tables: Decompyension

Risk va. Times and Depth of Dive

45%

240

> Royal Navy Tables: Decormpregsion

Paskeova Tirmos and Dopth of Dive

45%

120

F3

240

DOIEM Tables Decormproasion Risk
vs Times and Depth of Dive

Decompression Time vs. Exposure
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