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ABSTRACT

Vlul I � ~eve' p,, 55; ' mS af QneS In ''' I .i 2 2,5 S2C
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p +p c
c;vine exDosu, es is grov.:ng in many areas of tne civin" cc.�,�-.. n:.v'.'.' I t h m U I t I I 2 v 2 i

DacKg. Q' 'nc"of ceor, ession Drobiems, theol!25, anc les '.5 . 252. �, " -, '5
commonly used for cecomoression prooiem solving are cesc "!Dec. Tecnn;Ques using tnese
:aoles and -ther DraCtiCeS which permit multi � level pr of iles to be pe -'Qrrnec are tnen
examined and their limitations ciscussed. lt is suggestea that the mos ffective way to
solve multi � level cecomoression pr oblems is to use a decomoress:Qn cev;ce .hat
continuouslv tracks tr e pressure p ofiie and computes cecomoress on Sta s cased cn
integr ation of;he actual pr ofiie in real time

All indications point to microprocessor � based devices being successfully usec in
computing decornoreSSiOn StatuS fOr multi-level pressure profiles. These decompression
computers will play an increasing role in solving multi-level decompression proolems. They
can be applied to DrODlems in most areas of diving as well as to other situations recuiring
pressure recuctions, such as shuttle and space station EVA procedures.

However, any passive decompression device can only inform the diver of his or her
decompression status. How that information is used is the responsibility o the diver. There
is much room fo- furtner improvements to present d compression devices. These
improvements will stem from new studies that will develop new decomoression models that
include additional variables in addition to depth and time, or that monitor the diver s
decompr ession stress

Mic. Qprocessor-based aecor�oression devices, after a slow start. are;anally
becoming es ablisnec, trusted pieces of ecuipment They have the caoaoiiity to solve
pr oblems r elated o multi � level decompression situations whicn can not De solved using
standard table practices.

The histor v of cecompress:on devices fr om 1955 to pr esent is eviewec, foc sing
cn the acvantages anc disacvantages of the various designs The ceveiopment and tpstin"
of a soecific decornor ession computer, the EDGE  Electr Qnic Dive GuidE,, is cescribed.
summary of a follow � up survey given to EDGE owners regarding ir,-field operation
indicat s that most sers are satisfiec with the way the dev ce hancles multi-leve! civing
computations Some complain aoout tne conser vative nature o tne EDGE s ce omoressicn
algorithm
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he or ooierr. o oreventing aecomo~ession sickness ir. man. orimariiy
exoosures o increasec oress . es. zegar n the 1 BOOs wi,i tne aaven'. o- constr
caissons anc harahat civing svster.,s Since tnat time. many aecomoression theories.:a" ies.
and devices have oeen aeveiooec Most recently advances in electronics anc
microprocessor technology nave oeen used to solve air decompression problems

Chapter I presents backcround infor mation on the problem of decomoressic".
sickness. decompression theories. ana aecompression tables lwhich have been the orir, arv
tools for the solution o', decomor ession problems since the early 1900s!. Because of tne
inflexibility of the tables various mu!ti � level diving techniques have been develooed tc acaot
and use existing tables in a way which conforms more to actual diving practices. Chaster I'
presents these non � standai d Imulti � level! techniques and some of the problems associatec
with them.

Numerous decompression aevices have been developed over the past tnirtv vea. s
Designed to eliminate the rigidity of a set of tables these "decompression compute. s
integrate a dive profile so that the displayed decompression status is based on the actual
dive and not a table entry. Chapter III looks at the history of these decompression aevices
which have been in existence since the introduction of scuba in the 1950s.

Chapter IV presents the development of the no-decompression/decompression
computer called The EDGE. The protocol for testing the safety of the decompression
algorithm and the results of the tests are covered along with a summary of a survey of
EDGE o wner s.

Chapter V examines the oossible future of microprocessor � based decompressio~
devices in diving and their potential in space operations. The author concludes that there is
still much work to be done in the fielo of decompression research, especially in the area
of multi � level diving. Nevertheless, rnicropr OCesSOr � based decompression devices nave
become established anc are here to stay



CHAPTER

DEVELOPMENT OF DECOMPRESSION TAB| ES

DECOMPRESSION SICKNESS

The problem of decompression sickness  DCS}, also known as "tne oenas' or
caisson disease, has plagued man ever since he first sub}ected himself to hyperbaric
lelevatea pressure! environments. During a hyperbaric exposure the increased cas oressures
cause more gas molecules to be transported through the lungs and become aissoived in
the body tissues. Inert gas pressures  such as that of nitrogen [N~] when air is being
breathedl in the boay gradually increase until they equal their ambient partial pressures DCS
is the result of the release of excess inert gas from solution in the body tissues wnen
there is a rapid decrease in the surrounding pressure, lust as carbon dioxide bubbles are
released from solution when a carbonated beverage is opened. This gas bubole release
within the blood and tissues can produce a wide range of physiological probiems. Pain and
neurological detriment are the most commor; symptoms associated with DCS

DCS is normally separated into two types. Type I and Type II. The primary
symptoms of Type I and II DCS are listed below:

TYPE I  Pain Only}

» Limb and/or Joint Pain

» Itching  more prevalent in hyperbaric chamber than in
water exposures!

» Skin Rash

TYPE II  Serious!

» Central Nervous System Detriment

» ' ung Invoivement  Chokesl

Type I DCS usually causes pain to the loints and is probaoly tne r esul of gas
formation in the connecting tissues of the loints and other regions of relativeiy low blood
flow TYPE II DCS primarily involves neurological detriment and is considered to be much
more serious than TYPE I DCS. I'Post often the victim of TYPE II DCS will have bilateral
detriment below lesions in the spinal column, caused by the disruption of the spinal cord



nerve tissue bv incr, gas bubbies Chokes are beiievec to be oroauced bv aas = acies:r
retur ninC VenOuS biOOC ti.a. beaome trabpeC ir tne buimbnary Cabi 'aiieS ' abbrCX �,ateiV

or more o- the buiwcna v vas ula bec is bio Kec bv tnese aas ies

respiratorv piocess is grea-Ii imbairec.

The b, imar y tr eatment o DCS involves, epressurization and oxvgen creat Inc i lei e
ar e various tr eatment scneauies wnich are usec tc rever se the effects of DCS aeber,cine

on tne seriousness o- tne case anc tne eac ion tc initiai treatment

This baper will examine tne var ious moae!s tables anc techniaues usec tc prevent
tne development o DCS Tne roie that tne recent micr oorocessor revoiutior,
tnis area will aiso be examinee

DECOMPRESSION THEORY

Research int" the tneorv of ciecornpression =an be traced back t" 167" v nen
Robert Boyle first describea DCS While exposing animais to decreased pr essures, ne
ObServed a bubble moving in the eye of a viper The snake was "tortured furiausi y by the
formation of bubdles in the Blood j uyces [sic] and soft parts of the oody  Eamonas,
1981!

The description of DCS in man was first presented in 1841 The victims were coal
miners who worked in mines that were pressurized to keep out water  Strauss, 1976!

As construction caissons and hardhat diving systems were aeveiopeci in tne 1200s
the problem of DCS in man became more prominent. In 1857 Hoppe � Seyler rebeatea
Boyles experiments and suggested that cases of sudden death in compressed air workers
were caused by the release of bubbies. To remedy this problem he recommenced
recornpression.

Smith, in 1873, describec "caisson disease" or 'compressed air illness" as a disease
which depends upon increased atmospheric pressure but always develops after reauction of
the pressure. Five years later Paul Bert determined that DCS was the result of nitrogen gas
bubbies which were released from tissues and blood during or following decompression.
He also showed the advantages of breathing oxygen following the development of DCS and
proposed its use in r ecompression therapy.

In the early 1900s there was contr oversy regarding the rate and manner of
decompression. J.S. Haldane, an English physiologist. was commissioned by the British
Admir alty to examine these problems. Haldane exposea goats to various pressures for
three nours in order to saturate  equalize the nitr ager bressure in all the goats;;ssues
tne ambient nitrogen pressurei:nem at '.he new pressure Foliowing the excosure ne wc ",=
rabidly aecom",ress tne goats ba x to normal sur face or essure ana examine tne~ -."- s ans
of DCS.

Halaane found that i tne goats had been exposec to a pressure ec ivalent to 33
feet of sea water lfsw! or iess. they would show no signs of DCS. He conciuaec tnat;ne
goats could withstand an overpressure ratio or ' supersaturation ratio' of 2:1 lSurface
pressure = 1 atmosphere [1 ATA] = 33 fsw; Pressure at 33 fsw = 33 fsw [surface
pressure] + 33 fsw [water pressure] = 66 fsw total pressure = 2 ATA!.



ealaane ',her saturatec' coats at a oressu e ecuivaien. to 99 '.'sw or -' A A acsoiute

anc .nen cecomor ssed tnem tc 3. sv' I2 A, Ai, -: ' oressure eauction ~e again founc
-.na: none of tne goats snowec syrnptorns cf DCS "oliowinc saturation l3 hoursi at 33 fsw
."Ie CoatS were ceCOmPr essec to sur face oressure wit> nO ill effects inese results
incicatec that safe aecornor ession would occu. if tne iver oi caissor worker was

ce"omoressec tc one � half the or essure they were woi ~inc at anc allowed '.= saturate at
t;is new or essure nis oroceaure woui" ce ~eoeatec nt»:hey r eacnec sui face -. essure

�,oweve i this tecnnique was to oe usec. no matter tne Iengtt.. of the init a exoosur e,
.vouic be inefficient in terms of time and worker utilization;aiaane stated tna; he felt mar

eacnec saturation after five hours as ooposec to the tnr ee hour s neecec for goats
hei efore. exposur e to any pressure between 33 fsw and 99 fsw, regar ciess of tne

exoosure time, wouic require 5 nours of aecomoression

DECOMPRESSION MODEL

Based on his studies Haldane formulatec nis aecornpression moael,' wnich inclucea
tne following assumptions:

A. Tissues in the body absorb and eliminate the inert gas
nitrogen at an exponential rate. with the aiiving force beinc
the pressure differential between the ambient nitrogen
pressure and the pressure of the nitrogen dissolved in the
tIssue.

B. There is a continuous spectrum of tissue groups within the
body with various rates of absorption and elimination.

C. A specific tissue group absorbs and eliminates nitrogen at
the same rate.

D. The spectrum of tissue groups can be approximated by
selecting a finite number of tissue groups from within the
spectrum.

Haldane designated the selected tissue groups by their "half � times," or the time
would take the tissue group to reach one-half o the pressure difference between the
initial tissue nitr ogen pressure and the ambient nitrogen pressure. According t" the half-
time model a tissue group would never r each a point of equilibrium with .he amoient

lt, ogen pressure since tt e exponential function wouic only permit saturation tc oc ur
following an infinite time at a given pressure However, tne tissue pressur es are ciose
nougn to the ambient pr essure after six half-times that hey are consiaer ed to oe

saturated.

Haldane selected five tissue groups for his model These tissues hao naif-times of
5, 10, 20, 40, and 75 minutes. The 75 � minute tissue was selected because it would be

95% saturated after five hours, which he considered to be the time it would take to



eauilibr ate a mar. tc a nev amcient or essure Tne foliowing summarizes tne moae .na.
Haicane usec tc - cate ",!s ta- es

i he oc', ai oe re" resentec cy five tissue gr ouos witt.. nai-'-
imes of = '" 2" '0. anc 75 minutes

-.iss e c-ou" s can witnstanc a ci essur e i ecuc.lo"

ratic of

DECOMPRESSION TABLES

Using the aoove modei ~aidane computed a set of decompression acies Figur e
illustrates the steps taken tc compute a decompression schedule. It shows an exposure tc
168 fsw for 15 minutes and aecompression stops at 10 fsw increments. The following is
the method of computation

A. The tissue pressures for the five tissue groups are computed
for the exposure to 168 fsw for 15 minutes.

S. The highes, oressure produced is in the 5 � minute tissue grou
and corresponcs tc the issue being satur ated at a depth of
130 fsw

C. The absolute pressure of the 5 � minute tissue is 163 fsw �30
surface pressure of 33 fsw!.

D. Using the 2:1 ratio the 5-minute tissue group could withstand a
pressure drop to 81.5 fsw absolute �63 fsw   2l. This
corresponds to a depth of 48.5 fsw  81.5 � 33 fsw!. Since
the decompression stops are in 10 fsw increments the first
stop in the decompression will be at 50 fsw.

E. The diver then spends enough time at 50 f sw to allow the
tissue pressures to drop to a level which will allow an ascent
to 40 fsw. This pressure is equivalent to a saturation depth of
113 fsw �0 33 = 73 fsw; 73 fsw " 2 = 146 fsw; 146�

33 = 113 fswi

F All five issue grouos pressures ar e comoutea for ea h
de ornpression s c- Their pressures must not exceec tne 2. i
~atio set forth in the moael

Steps E and F are repeated until the diver is allowed to surface In the firs, .wc
decompression stops tne time at the stop is controlled by the 5 � minute tissue grouo The
third stop is controlled by the 10-minute group, the fourth by the 20-minute group, anc
the last stop by the 40 � minute tissue group.
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Fig. 1.1 Tissue pressures during decompression  From Edmunds, 1981!.

The Haldane tables were adopted by the Royal Navy in 1908 and are considered to
be the first true set of decompression tables. Their use helped reduce the incidence of
DCS in caisson workers and hardhat divers.

The ratio of 2 1 in Ha dane s model refers to the ratio of Psat.Pamb, where Psat is
the pressure that corresponds to the ecuivalent saturation pressure and Pamb is the new
ambient pressure. Another way of looking at the suoersaturation ratio is to use the tissue
nit-ogen pr essur e PN2 This ratio, PN2  'amb, when looking at the Ha dan an r atiO Of 2 1
proauces a value of 1.58 1 � x 0 79 ATA nttrogen ATA in most of the suosequent wo K
an" literature the . N2  ' b ratio is reterrec to as tne s oersaturation ratio

The fir s, tables for the LJ.S Navv were orocuced In 191o. They were based on tne
Haldanian ~odel and also included the use of oxygen during decompressior, These tables.
called the C and R tables, were used tnat year in the successful salvage of the submarine
,= � 4 at a dePth Of 306 fSw � � wel! beyOnc tOday S aCCePted dePth llmitatiOnS fOr uSe Of
all .

6



TABLE 1.1

MODIFIED S'JPERSATURATION RA ' IOS

,'SSU

= � TIMi= S
HA WKINS

SHII ' INC 6 HANSEN Y ARBOROU :--.,

'.94 � 2.2 '

~ 38 �;.58

1.38 � 1.58

in the 1930s, Hawkins, Shilling, and Hansen � � and later Yarborough -- determined

that the allowable supersaturation ratio  PN2.Pamb! was a function of the tissue half � time
and depth and duration of the dive  Flynn 1978c! Table 1 1 lists the tissue half-times and

the moaified supersaturation ratios.

Using only the 20-, 40-, and 75 � minute half � time tissue groups. Yarborough
computed a set of tables that was released to the U.S. Navy in 1937  Appendix A!. These
tables were used until the current U.S. Navy Standard Air Decompression Tables were
developed in the 1950s.

Since the development of these tables, many other models and tables have been
proposed. Most foliow Haldane s basic principles, with modifications to the number of
tissue groups considered, tissue half � time values, and their supersaturation ratios. Along
with the Haldanian models and tables, other types of decompression models have been
proposed based on assumptions which differ markedly from Haldane's basic ideas.

PRESENT HALDANIAN MODELS

U.S. Navy Model & Tables

he present 'J S Navy ables were developed in the 1950s tc acean..mocate the
introc ation " scuoa ana to improve the earlier U S Navy Taoles. puoiisnec In 1937 The
older taoies naa no acceptaoie provisions fcr oer forming repetitive dives, since mos, dives
were cone in tne surface-suopiiea hardhat moae with an unlimited air supply The rnoaei
that was usec in the computation of the newer tables was a moaifiea Haldanian moae'
 Dwyer 1956a & 1956c and DesGranges 1957!.

The basic formula used in the calculation of tissue nitrogen pressures in the U.S
Navy moael  as well as in other Haldanian models! is,he simple exponential function:

ra I ri

1C min

2C min

40 min

75 min

'.35

3.56

'.58

1.42 � 1.58



Wne~e

=inane nitrogen oressur e in .;ssue

gi Quc'nitial nitrogen oiessure ir -issue

Ambient niti ogen pr essur e

Time tissue giouc is exposed t"

Half-Time of the tissue croup in

p
CI

T1 '2 minutes

When air is used as a breathing gas. P is assumed to be

P = 0.79 x  D 33! fsw [1 2]

Where:

D = Depth of the exposure in fsw
33 = Air pressure in fsw at sea level

0 79 = Praction of n trogen in air

The number of tissue groups used in the U.S. Navy model was expanded from five
to six. The tissues had 5-, 10-, 20 �, 40-, 80-, and 120 � minute half � times. The lonae:
120-minute tissue assumes a saturation time of 12 hours.

M = M  DM x D! [1.3]

, ne Mo anc QM values for the six t;ssue gr oups usea are listed in Table 1 2
the corresponding supersaturation ratios for surfacing

Using the M values in Table 1.2 t0e current U.S Navy Stanoard Air Decompressio;
Tables were developed These taoies are piesenteo in Appendix 2

In addition to the standard decompression tables, it was necessary to create a set

The U.S. Navy model also indicated that the allowed supersaturation ratio for the
tissue groups decreased with depth. This led to the development of the "M value" system
to determine the allowable nitrogen pressure  in fswl for a tissue group at a specific depth
The M value for the tissue groups that correspond to the supersaturation ratio permitted at
sea level is referred to as M . The change in the M value per foot of sea water Is
referred to as hM  Delta M!. In order to compute the M value for a specific depth  D!. the
f olio wing f ormula is used:



TABLE 1.2

LI S. NAVY M AND PM VALUES

SUPERSATURATION

RATIO AT SLJRFACE

TISSUE

H A L F � T IIVIE M   sxx

2.2 /

2.00

1 71

1 40

1.29

127

10"

88

/2

o8

52

51

315

2.67

218

1 76
..58

" 55

5 min

10 min

20 min

40 min

80 min.

120 min.

of tables that would allow divers to perform repetitive dives. If a repetitive dive was
performed using the 1937 tables, the bottom times of the two dIves wOuld be added
together, no rnatter how long the surface interval was, without considering the off-gassing
that occurred during the surface interval.

The initial idea was to have repetitive dive tables for all six tissue groups. However,
it was decided that six sets of tables would probably have been too complex for normal
diving operations. A simple technique needed to be devised that would be easy to use in
field operations. The technique also had to prevent any of the other five tissue groups
from controlling a repetitive dive. Calculations were made to see how long a surface

Alphabetic repetitive group designators are used in many tables. The residual
nitrogen that they represent is unique to the table and they can not  in general! be cross-
referenced to repetitive groups in another table.

Th solution used for computing r epetitive cives was the Repet:tive Group
Designation system It is implemented in the current U.S Navy Tables along with the Surface
Interval Table and the Resiaual Nitrogen Time Table  Appendix B!. The Repetitive Group
Designators "A" to "0" arid "Z" represent increasing levels of residual nitrogen in the 120�
minute half-time tissue group. Each group represents a tissue nitrogen pressure range of
aoproximateiy 1.58 fsw. Following a dive  either no � decompression or decompression!, the
diver's nitrogen pressure level is represented on the table by a Group Designator. By using
the initial Group Designator and the time spent at the surface, a new Group Designator is
obtained usina the Surface Interval Table. To obtain the time penalty the first dive places on
the second dive. the Residual Nitrogen Time table is used. This translates the new Group
Designator to the time it would have taken at the repetitive dive depth to reach the present
Group Designation. This residual nitrogen time  RNT! is then added to the actual bottom time
 ABT! of the dive to determine an equivalent single dive time  ESDT!, which is then used in
computing the decompression requirements of the second dive  ESDT = RNT + ABT!. A
third dive can be computed by following the same procedure since the ESDT in essence
combines the first and second dive into a single dive used to enter the tables.



interval was required for the other five ar cups to off-gas .o evels where they would no
longe; have a controlling effec on a reoetrtive dive following any dive profile ailowea oy
tne the tables The longest time generatea was 9 7 minutes for the 40 � minute tissue group.
For this reason the Surface Interval Tabie cannot be enter ed unless the surface interval is
gr eater than 10 minutes Any repetitive dive done within 10 minutes of surfacing is
cor,siaereci part of the original dive

o tes the tables. sixty-one .- pe:itive aive combinations were devisea. One
hur dred � twenty � one test dives, r esuiti. g in 3 cases of aecompression sickness. were
completed before the tables were reieasec  for Navy use They were picked up by the
'leagling sport diving community and nave since been used by millions of divers around the
w or Id

A recent recalculation of the current U.S. Navy Tables by the Navy Experimental
Diving Unit  NEDU! found some computational and transcr iptional errors  Thalrnann, 1983!.
This was a surprise to some divers since they assumed that the U.S. Navy Tables were
carved in stone . But it must be rememoereci that in the 1950s only the earliest computers

existed and most of the numerical entries of the U S. Navy Tables were derived through
manual computations. The major transcriotional error occurs in the No � Decompress~on Table
 Table B � 1, Appendix B!. Every value in the table at a depth of 30 fsw and shallower is
shifted one column to the left. If after a dive to 30 fsw the Repetitive Group Designation
was G, it should actually be Repetitive Group H. Even with these transcriptional and
computational errors. the U.S. Navy Tables have served divers well for 30 years.

PADUA Model

TABLE 1.3

PADUA MODEL PARAMETERS

TISSUE

HALF TIME Mo ' fsw!
TISSLIE

HALF � TIME Mo  fsw!

100

84

68

53

52

1.6

15

14

1.3

1.2

51

50

49

49

48

5 min.

10 min.

20 min.

40 min.

80 min.

120 min.

160 min.

240 min.

320 min.

480 min.

1.1

1.1

1.0

10

1.0

10

The PADUA  Pennsylvania Analysis of Decompression for Undersea and Aerospace!
model was developed by the institute for Environmental Medicine at the University of
Pennsylvania as part of a computer program to analyze decompression profiles  Beckman,
1976!. The model differs somewhat from the U.S. Navy model in that it considers ten
tissue half � times  up to 480 minutes! and has more conservative Mo and hM values. Table
1.3 presents the tissue half � times, IV!o, and QIVI values for the PADUA model. Although the



PADLlA rnodei woulc procuce tables which are mor e conservative '.t an ',he U S Navy tables,
no such taoles have been produced for publication

Buhlmann Model and Tables

The Buhlmanr Tables. or Swiss Tables, were developec at the Laboratory of
hyperoar;c Physiology in Zurich The model has undergone various adlustments over the
pas few years to accommodate new data. Buhlmanns model uses sixteen tissue groups, or
'compartments'  Buhlmann, 1983!. He uses Equation 1 1 to compute the tissue pressures,
and presents pressures in bars as opposed 'o fsw  For conversion: 1 bar = 1 01325 ATA,
or approximately 33.44 fsw!. In addition, Equation 1.4, instead of the M value method, is
used to compute allowable supersaturation pressures.

arnb.tot t � a! x b [14!

Where:

Total ambient pressure to which the tissue group
with pressure P gt can be safely decompressed

amb.tot.

Total nitrogen pressure in the tissue group

Constants corresponding to the specific tissue group

i.g t.

aLb

By rearranging the terms of Eq. 1.4 an equation is created that will produce the
w i.g.t at a sPecific amb.tot.  Eq. 1.5!.

i.g.t. = + amb.tot.

The sixteen half-times and the values of a and b which correspond to them are
listed in Table 1.4.

Equation 1.5 allows supersaturation pressures  P gt! to be calculated for total
ambient pressures that are less than 1 ATA  the M value system is used primarily for
ambient pressures > 1 ATA!. This permits the calculation of decompression schedules for
altitude diving and other situations. such as flying after diving, where the final ambient
pressures are less than 1 ATA.
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The present Swiss Tables consist of four sets of tables to be used in various
altitude ranges  Appendix C!. The no-decompression limits and decompression schedules are
generally more conservative than the U.S. Navy Tables. The depths in these tables are
presented in meters. The repetitive dive system for these tables utilizes the same type of
Repetitive Group and Surface Interval Table system as the U.S. Navy Tables.



TABLE 1.4

SWISS MODEL +O' .=-TIMES AND CONSTANTS

TISSUE

nAL F � ii VI=

T',SS '=

~A F � TIME

Huggins Model and Tables

In 1976 Dr Merr~ll Spencer of the Institute of Applied Physiology and Medicine in
Seattle published a report recornrnending that the present no � decompression limits be
reduced, based on Doppler ultrasonic buoble detection studies  Spencer, 1976!. He found
that divers who were exposed to the U.S. Navy no-decompression limits developed large
counts of venous gas emboli  VGE! or "silent bubbles". These bubbles are thought to be
nitrogen bubbles that have been released from solution during ascent. They are detected
with an ultrasonic probe that distinguishes gas bubbles by the reflection of the ultrasonic
wave off the bubble surfaces. Further studies by Dr. Andrew Pilmanis at the Catalina Marine
Science Center confirmed the presence of high degrees of VGE following "no-
decompression" dives in open water. Pilmanis found VGE formation in all his subjects who
were exposed to 100 fsw for 25 minutes  the U.S. Navy no � decompression limit for that
depth!. Spencer presented the following formula  Equation 1.6! to compute reduced no-
aecompression limits that would hold the occurrence of VGE formation below 10% to 20 .:

Limit = �65/D! [1.6!

Where

Limit = No � Decompression,mi. o, Depth D ir, minutes

D = Depth in fsw

In 1981, this author computed a set of Repetitive Dive Tables using a model based
on new no � decompression limits computed from Spencer's formula  Huggins, 1981!. The
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2.6o min

7.94 min

12.2 min.

18 5 min.

26.5 min.

37.0 min.

53.0 min

79.0 min.

2.200

1.500

1.080

0.900

0.750

0.580

0.470

0 455

0.82

0.820

0.825

0.835

0.845

0.860

0.870

0.890

1 'i 4.0 min

146.0 min

185.0 min

238.0 min

304,0 min

397.0 min

503.0 min.

635.0 min.

0 4wg

Q 4~K

0.455

0.380

0.255

0.255

0.255

0.255

G.890

0.934

0 934

Q.944

0.962

0.962

0.962

0.962



TABLE 2.4

iVI VALU:-S:O, Hi 'GGINS 'ViOD='

TISS'J=

.ALF �, IME

ISS JE
-A' = � i 'lv'=

Mo VAL IVI�VALUE
s'p'i

+0 mir92

80 mir.

i 20 min

102 0

85G

675
475

43G

m I i"i

20 m

odel uses ',he same six tissue group half-times as the U.S. Navy model. The M values
-;or the tissues were determined by computing the maximum tissue pressures produceo in
the tissue groups following exposure to the new no � decomoression limits. No DM values
wer e necessary since the tables were computed exclusively for no � decompression diving.
The new Mo values are listed in Table 1.5. along with the tissue half � times.

The tables ar e presented in the same for mat as the U.S. Navy Tables. The major
computational difference is that the Repetitive Group Designators represent nitrogen levels
in al! s x tissue groups instead of lust the 120 � minute tissue gr oup. Each repetitive grouo
represents a 3=;.' range of the Mo values of the tissue groups. For examole, group
repr esents 72'.. to 75',. of the Mo value o any of the six tissue groups. This type of
representation allows all six tissue groups to be considered in repetitive dive calculations
and permits certain types of multi-level diving pr.ocedures lsee Chapter II! to be performed
without any of the tissue groups exceeding their Mo values.

These tables have not been officially tested. However, they are more conservative
than the U.S. Navy Tables when they are used to compute no-decompression limits and
r epetitive no-decompression limits. These tables have been published by the Michigan Sea
Grant College Program, and have gained in popularity and use.

OTHER MODELS

Pseudo-Haldanian Model  U.S. Navy E-L Algorithm!

rFor the past five years NEDU has been developing a decompression model and
algorithm to program into an underwater decompression computer. It will be used with
their constant partial pressure of oxygen closed � circuit mixed gas system  Thalmann, 1980,
1983b, 1984!. The algorithm that they have decided upon is called the E-L Algorithm. This
model assumes that nitrogen is absorbed by tissue groups at an Exponential rate, as in the
other Haldanian models. However, the nitrogen discharge is a slower Linear rate, This slows
the surface off-gassing rate indicating higher residual nitrogen levels for repetitive dives.
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The Huggins Tables are presented in Appendix D. The only difference in reading the
tables involves the arrows "� � >" in the first table. These arrows indicate that the diver
must move to the right to obtain the repetitive group designator for the dive.
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Fig. 1.2. E-L Algorithm vs. Haldanian Model. Solid line represents nitrogen absorption
and elimination using E-L algorithm. Dashed line represents Haldanian model  From Thalmanr�
1 984!.

Figure 1.2 compares nitrogen absorption and elimination between the E-L aigorithrn
and the Haldanian model.

British  Royal Navy Physiological Laboratory! Model

The mOdel uSed tO generate the preSent ROyal Navy PhySiOlOgiCal LabOratOry  RN?'L,
tables is called a "slab diffusion model, that involves the linear bulk diffusion of gas into a
tissue slab  Flynn, 1978b! This model r epresents tne body as a tissue slab that ambient
pressure diffuses into from one face  Figure 1.3! As the inert gas pressure increases on
the exposed side, that pressure will migrate through the slab. As long as the inert gas
pressure does not exceed a specific level with respect to the ambient pressure,
decompression sickness theoretically will not develop.
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According to Commander Thalrnann of NEDU  personal communication, 22 April
1985!, there is no plan to use the E-L Algorithm to calculate a set of new U.S. Navy Air
Decompression Tables. The Navy believes that the current No-Decompression Limits ar e
acceptable for Navy operations. Even if the E � L Algorithm was used to generate air tables.
the model is, in many cases. less conservative than the pr esent U.S. Navy Tables.
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Fig 1.3 Tissue Slab Model used in RNPL Table cornputa;,ons

The RNPL taoles  Appendix E! are more cons rvative '.han the U S. Navy ta=ies and
ar e used in modified form by the British Sub Aqua Ciuo i ne RNPL, BSAC tacles! and by
some research divers and clubs in the United States.

DCIEM Model 5 Tables

Over the past few years the Defence and Civil Institute of Environmental Medicine
 DCIEM! in Canada has been modifying their decompression model based on ultrasonic
Doppler studies. In September of 1984 DC!EM released their new No-Decompression and
Decompression Tables  Lauchner. 1984c!, presented in Appendix F. The DCIEM model is a
serial model with four tissue groups  Nishi, 1984!. The previously presented Haldanian
models are parallel models, which assume all the tissue groups in the model are exposed
to the ambient pressure with no interaction between the groups. A serial model assumes
the tissue groups are connected in a series with only one tissue group exoosed to the
ambient pressure. Figure 1.4 compares the serial and parallel mociels.

Each of the four tissue groups in the model have the same half-time o
approximately 21 minutes. The allowabie surfacing supersaturation ratios considered are
1.92 and 1.73 for the initial tvio tissues in the series. The pressure levels in the last two
tissues are not considered in the computation of the diver s safe ascent depth. This model
approximates the British bulk diffusion slab model.

The DCIEM tables are based on hundreds of man � dives that were evaluated using
ultrasonic Doppler detection  Lauchner, 1984a & b!. DCIEM's primary goal with the
modii'ications was to upgrade the decompression model that is programmed into their
decompression computers  Chapter III!.
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Fig. 1.4. Parallel vs. Series Model.

Tiny Bubble Group  Varying Permeability! Model

The Tiny Bubble Group is a group of researchers at the University of Hawaii that
has developed a decompression model based on the physical properties of bubble
nucleation in aqueous media. Their model. called the Varying-Permeability Model, indicates
that cavication nuclei, that are thought to "seed" bubble formation, are "spherical gas phases
that are small enough to remain in solution yet strong enough to resist collapse, their
stabi Ii ty bei ng provi ded by elasti c ski ns or membranes consi sti ng of surface-acti ve
molecules"  Hoffman. 1985!. The ascent criteria for this model is based on the volume of

bubbles that are formed upon decompression. Growth in size and number of gas bubbles is
computed based on the physical properties of the "skins" and the surrounding environment.
If the total volume of gas in the bubbles is less than a "critical volume", then the diver is
within the safe limits of the model.

Table.". based on this model have been produced. but have not been tested. The no-
decompression limits for depths shallower than 140 fsw are more conservative than the
U.S. Navy limits. Table 1.6 compares these no � decompression limits with values from the
other models.

Maximum Likelihood Statistical Method

The Maximum Likelihood Statistical Method is a statistical approach to DCS
developed by the Naval Medical Research Institute  NMRI!. They consider decompression
sickness a probabilistic risk dependant upon the "dose"  depth/time exposure! produced

16



from a dive profile  Weathersby, 1985a!. The model is based on a database that includes
over 1,700 individual exposures from various aecompression studies

Using this statistical model, tables have been computed for DCS probabilities of 1'.
and 5  Weathersby, 1985b!. These tables would be used in various operations. High
priority missions could use the 5" tables because of the need for gr eater in � water
efficiency Lower priority operations could use the 1;. tables for safer oper ations

On 24 September 1985, Donald Chandler, Deputy Director of the Hyperbaric
Medicine Center at NMRI, stated that the tables had yet to be submitted to the Navy
Medical Review Panel. The panel then must approve the release of the tables for testing.
Following this approval the tables will be sent to NEDU for testing and validation a process
that would take at least two to three years.

SUMMARY

able 1.6 shows the no � decompression limits obtained from the various models.
iven though the models differ in their hypotheses, the no-decompression limits for the
more recent models correlate quite well for depths deeper than 50 fsw. Therefore the
author recommends the use of the more conservative limits, especially in sport diving.

The basic limitation of any set of tables, no matter which set is used, is that only a
limited number of the depth/time dive combinations can be presented. Most tables present
information in depth/time matrixes with normal depth increments of 10 fsw and time
increments of five or ten minutes. To enter these matrixes, depths and times are rounded
up to the next higher table entry. For example, a 41 fsw dive for 32 minutes must be
entered into the table as a 50 fsw dive for 40 minutes.

The other basic limitation of tables is that most are based on the assumption that
the diver has performed a "square wave" dive profile; that is, the diver has spent the entire
dive time at the maximum depth achieved. This assumption leads to added conservatism
when used on dives where the maximum depth was achieved for only a fraction of the
dive time. However, as will be shown in Chapter II, techniques have been developed that
bypass this assumption and allow a diving technique called Multi-Level Diving or Step Diving
to be performed.

17
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CHAPTER II

NON � STANDARD USE OF TABLES
 MULTI � LEVEL DIVING!

OVERVIEW

Most of the tables that have been generated, regardless of the model, generally
present decompression status based upon the assumption that the diver spends the entire
dive time at the deepest depth achieved. This "square wave" dive profile is not the normal
dive profile performed by the average sport diver Most dives are spent at various depths
with only a small portion of the dive at the deepest depth. For this reason many divers
have felt that their diving was being limited by these table restrictions. Because of these
restrictions, various multi-level, or step, diving techniques have been devised to circumvent
the maximum depth/entire dive-time rule.

With increasing frequency, sport divers are performing multi � level dives using these
techniques. Thousands of dives per year are made using these procedures, even though the
majority of these techniques have not been subjected to scientific testing to determine
their validity. The extensive number of apparently harmless multi-level dives performed each
year suggests that most of the techniques are relatively safe. However, there is the
possibility of some hidden problems that may not be detected by the diver, such as "silent
bubble" formation or the possible asymptomatic development of dysbaric osteonecrosis.

Few multi � level diving  MLD! techniques have been evaluated for safety. The MLD
techniques that have been studied will be presented in this chapter along with results from
these studies. Various other IVILD techniques that have not been tested will be reviewed.
Also, a summary of information obtained from a MLD questionnaire will be presented.

A multi-level dive, in its broadest sense, is a dive in which the diver does not

spend the entire dive time at a specific depth. Given this definition, the majority of all sport
dives could be said to be multi-level. However, the type of multi-level diving examined
here depends upon how a specific dive profile compares to no-decompression or
decompression tables, in this case the U.S Navy Tables. Normally, when the rules of the
Navy Tables are followed, the deepest depth of the dive is used to determine the allowable
no � decompression time. Hence, the diver is adding to the safety of the dive by not staying
at the maximum depth for the entire length of the dive. This added safety has probably
been an important factor in the "safe" use of the U.S. Navy Tables, which are now being
questioned. The MLD techniques that are examined here allow "no-decompression" dive
times in excess of the no-decompression limit permitted at the maximum depth of the dive
 according to established tables!.

The basic concept behind any of these MLD techniques is that nitrogen is absorbed
by the body more rapidly at deeper depths than it is at shallower depths. If the initial depth
of a dive is 100 fsw, then  according to the U.S. Navy Tables! the no-decompression limit
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is 25 cninutes If 10 minutes were spent at 100 fsw, the remaining no � decompression '.ime
at 100 fsw ioc any aeptn snallowec, accocding to the Navy Tables! would oe 1" minutes
However if the clivers ascend to a shallower depth, say 50 fsw, their nitrogen acsocotion
rate would be slower than what it was at 100 fsw. Therefore, the remaining no-
decompression time at 50 fsw should be longer than 15 minutes. How much longer the
no � decompression time should be is what the various cnulti � level diving techniques attemot
to determine

There are two basic MLD techniques The most frequently used tecnniques aepend
upon manipulations of existing tables. such as -the U.S. Navy Tables. The other ococeauce
involves multi-level computations using decompcession models and algorithms, or, wnicn
tables are based. The following MLD methods are variations of both of these technicues

TABLE-BASED MULTI-LEVEL DIVING TECMNIQUES

Repetitive Group Method

The most popular table technique is the Repetitive Group Method or the 'Graver'
method, so called because it has been popularized by Dennis Graver in many publications
 Graver, 1976. 1979!. The theory behind this method is that the repetitive gcoups on the
U.S. Navy Tables represent a certain amount of nitrogen in the body no matter how that
group is reached. According to this premise a diver would have the same level of excess
nitrogen following a dive to 80 fsw for 30 minutes as he/she would after 50 minutes at
50 fsw, since both dives place the diver in repetitive group G.

Using this assumption, a method of reading the U.S. Navy Tables "sideways" was
developed. If, for example  as shcwn in Figure 2.1!, divers start their dive at 110 fsw and
spend 13 minutes at that depth, their repetitive group is E. At this depth, 110 fsw. they
now have seven minutes of no-decompression time remaining. However, if they ceached
group E at 70 fsw they would have 30 minutes of no-decompression time remaining since
20 minutes at 70 fsw would place them into group E. If the divers ascend to 70 fsw
from 1 10 fsw, they now have. according to this procedure. 30 minutes of no-
decompression time remaining. Spending 20 minutes at 70 fsw places them into group H.
If they then ascend to 40 fsw it is as if they had spent 80 minutes at 40 fsw. Now the
remaining no-decompression time is 120 minutes. If they spend 40 minutes at 40 fsw and
then surface they are now in group K. They have just performed a "no-decompression"
dive to 110 fsw for 73 minutes! The U.S. Navy Tables would have required the divers to
consider the entire 73 minutes spent at 1 10 fsw. This would have required a
decompression schedule of 7 minutes at 30 fsw, 23 minutes at 20 fsw, and 57 minutes at
10 fsw. for a total of 88 minutes of decompression.

The version of this procedure that was popularized by Dennis Graver does not allow
all of the No � Decompression Table to be used. The limitations are indicated by the heavy
lines on the table in Figure 2.1. A variation of this method is said to be performed widely
in commercial diving on oil rigs with a procedure called "Repetting Up".

On the surface  no pun intended!, this technique appears theoretically sound, but
discrepancies develop when dives allowed by this technique are compared to the underlying
decompression model that was used to compute the U.S. Navy Tables.

As indicated in Chapter I, the U.S. Navy decompression model, from which the
standard air tables were computed, uses six tissue groups with half � times of 5, 10, 20,
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120 210. 300

70 110 160

50 75 100

35 55 75
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225 350
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100 125 160
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20 65 325

20 195 245 315

30 46 60

16 '25 40

170 '205

12Q 140

75 95 120

50 60 80

30 15 2 0145 310

ato3d 1 0 190 220 270 310

200 16 25 30 40 50 7040 130 150

100 10 15 25

10 15 '20

3O 4O 5O

26 30 40

60 70 80

56 60

90

do 60

70 60 5 10 15 20 40 45 50

40 6 10 15

6 10 12

80 0 25 30

6 '20 25

40

30ao90

5 7 10 d 20 22

13 15 20

12 15

110

120 6 1016

10Iao 106 8

Fig. 2.1 Sample IVlulti � Level Dive

However, when 101 allowable multi � level dives were analyzed using the U.S Navy
model and formulas, it was found that many of the dive profiles built up potentially
dangerous nitrogen levels in the other five tissue groups iHuggins, 1981! The basic reason
for this build up of nitrogen pressures. primarily in the 40-minute tissue group. is that the
tables were r.ot designed to be usec in this manner Since 3 multi � level dive cioes not
inciuce ne required 10 minute sur ace interval tne o ner ive tissue crouos are
permitted to off � gas to safe lev~is An example of the tissue pressure buiic uo in ali six
tissue g. ouos is given in Table 2.1 l 'cMAP = 'io of the tissue groups M value, As showr.

o
the 20 � minute tissue groups Mo value is exceeded at the surface and the 10-minute anc
40 � minute tissue groups are very close to their limits This shows that the Repetitive
Group Method can violate the unceriying decompression model

Another question to consider when the U.S Navy model or tables are used to
compute multi-level dives is the following: if a MLD technique  or even a single-level dive!
pushes a diver to the limits allowed by a model based on Navy divers, what is happening

to a sport diver?
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40, 80, and 120 minutes. All six of these tissue groups were considered in the calculation
of the U.S. Navy no-decompression limits. However, only the 120-minute tissue group was
used to compute Repetitive Group values on the no-decompression table, surface interval
table, and residual nitrogen table. This method is acceptable when single level dives are
performed using the tables. but what happens to the other five tissues when a multi-level
dive is performed using this type of table technique? There is no way to obtain that
Information from any of the three tables. Graver recognized this problem, hence the
modified limits indicated on the table in Figure 2.1.



TABLE 2.1

ISSUE NITROGEN PRESSURES  IN FSW! PRODUCED

DURING A MULTI � LEVEL DIVE PROFILE

TISSUE GROUPS

[Half � Time M Value!]F'ROF ILE

 Depth/Time!
 fsw/min ! 5i�4! 10 88! 20�2! 40�8! 80�2! 120�1!

376

40.2

43.6

874

90.2

85.8

645

69.7

73. 1

478

51.9

56.6

33.9

357

41.6

120/15

90/ 5

70/10

1 09.0

102.1

86.8

83.5% 97 5/o 101.5% 97.6% 839% 81 6%% MAP

at surface

Repetitive Group/Residual Nitrogen Time Method

Since there is no 10 minute surface interval, the same problem that occurs with the
Repetitive Group Method exists with the Repetitive Group/Residual Nitrogen Time Method.
Nitrogen pressures might build to unacceptable levels in the faster tissue groups, especially
the 40 � minute tissue group.

This technique. accompanied by restrictions for its use, was presented in the "RX
for Divers" column in a major sport diving magazine in March 1983  Bove, 1983!. It is also
taught by at least one commercial diving school as the "Shortcut" procedure.

Half 5 Half Method

The Half & Half method is not a table-based MLD technique in the true sense. With
this method a diver may spend one-half of the no-decompression limit at one depth and
then ascend to a shallower depth and stay at that depth for one-half of that depth's no-
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The Repetitive Group/Residual Nitrogen Time Method is a table method similar to the
Repetitive Group IVlethod, The major difference between the two methods is that tne
secondary levels of a multi � level ciive are considered to be r epetitive dives without any
surface interval. The residual nitrogen times for these steps are obtained from the repetitive
group produced from the first level. If. as before. the initial step in a dive was to 110 fsw
for 13 minutes. the repetitive group wou!d be E. The residual nitrogen time for the next
step at 70 fsw is found on the residual nitrogen table. The residual nitrogen time for group
E at 70 fsw is 26 minutes. This results in a remaining no-decompression time at 70 fsw
of 24 minutes, as opposed to the 30 minutes obtained with the repetitive group method.
An additional 20 minutes at 70 fsw results in a group J designation. The residual nitrogen
time for group J at 40 fsw is 116 minutes. By adding the 40 minutes actual time at 40
f sw to the 1 16 minutes residual nitrogen time, the equivalent dive time becomes 1 56
minutes. The repetitive group at the end of this dive is group M, or two groups higher
than the K group obtained from the Repetitive Group Method.



decompression limit. There is no set procedure for computing the repetitive group
designation following a Half 8 Half dive

When this method is compared with the U.S. Navy model, a majority of the possible
dive profiles produce nitrogen pressur es in excess of the tissue groups' Mo values. It is
highly recommended that this procedure be avoided.

U.S. Navy Multi-Level Diving Procedure

The U.S Navy has published a reoort called 'A Procedure For Doing Multiple- evel
Dives On Air Using Repetitive Groups ihalmann, 1983!. This report describes a somewhat
complex procedure for performing rnuiti-level dives. In this method, the water column is
split into two regions: depths greater than 30 fsw and depths 30 fsw and shallower For
any dive deeper than 30 fsw the table is entered as a single � level dive to the deepest
depth. The difference comes when computing the surface interval. In this procedure the
diver need not surface to enter the surface interval table The diver may consider the time
spent at 30 fsw or shallower to be a sur face interval. However, 30 minutes must be spent
at 20 fsw  or shallower! in order to enter the surface interval table. This, according to the
procedure, permits the required of f-gassing that spending 1 0 minutes at the surf ace
produces. Once this minimum surface interval has taken place the diver may perform a
repetitive dive in the standard fashion. This method was designed for use with the Navy s
closed-circuit mixed � gas system to allow the Navy "Cornbat Swimmer" up to 12 hours of
dive time without extensive decompression requirements.

According to the Navy Experimental Diving Unit, this procedure has been tested anc
is considered safe. although no reports on the testing have been published or made
available to the public at this time.

Other Methods

There are many other MLD techniques that have been developed and used over the
years. Most of these techniques are set dive profiles that have been found safe by trial
and error and have been performed by divers for years. Most are performed at dive
resorts where there is a wall  sharp drop in depth! which begins in shallow water �0 to
40 fsw!. In these cases. divers can spend a specified length of time on the wall at deeper
depths and then are allowed to return to the shallow areas above the wail for an additional
period of time. If the total time of the dive were to be compared to the no-
decompression limit for the maximum depth achieved, the divers usually would have
exceeded their limits. However, in many dive resorts this type of dive profile has been
established. In one dive resort, over 10,000 person � dives have been performed with no ill
effects, according to the resort operators.

MODEL COMPUTATIONAL MULTI-LEVEL DIVING METHODS

Computer and Microprocessor Applications

The MLD technique that seems to hold the most promise at this time is the Model
Computational Method. This procedure examines what is happening to all the tissue groups
in a decompression model during a multi-level dive. This method lends itself readily to
solutions using computers and microprocessors. A computer can compute the inert gas
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pressures in ail . ssue -- ups:n o- model given a multi � level cive orofiie 2 a roue, aste.
rate anC;.itn;,C aCC -aay tean manual CalCulatianS -Or eXamaie AOZenaix = Or eSen:S

FORTRAN progr am;;nic,, cornoutes the nitrogen levels in the six tissue grouzs of tne U S
Navy mode> basea on a rnul i-level aive profile. This program was usec to comoute the
safety level cf the dive or cfi!e presented in Table 2.1 here ai e two v'avs the Voce:,
Com"utationa Vetno a be used The first me.noc:s .o comoute a sc a inc
tne moaei, multi- evel clv pro;,ie before the aive anc foilow tr at se. c;ve oro-.',te ' ie
other v ay to se tne Moael Comoutation Vlethoc is to comoute the safetv - tne m i-.,�

level aive as:t is ze�ng performec using a r eal � time decomoressior, compute.

An example of the Pie � Dive Evaluation technique is a multi-level dive used in the
testing of underwater communications equipment at NEDU during the ear ly 19o0s. The dive
profile had a maximum depth of 190 fsw and a total bottom tin;e of 45 minutes,'Table
2.2!

Using standard U.S. Navy dive table procedures this aive would have reauirea a tota!
of 147 minutes of decompression However, by using the Pre-Dive Evaluation technique the
decompression reauirements were reduced to oniy 37 minutes. Approxirnateiy 30 person-
dives were comoieted using this profile without evidence of decomor ession sickness
 Workman. 1 963!

Various decomoression computers have been designed over the years to oer form
the task of computing and displaying the decompression status of multi-level dives in real
time. The early devices were mechanical analog comouters with different mechanisms to
simulate nitrogen absorption and elimination based on some type oi decompression model
Present computers use microprocessors which have been programmed with a
decompression model. Depths are read into the program through a pressure transaucer and
an analog-to-digital converter These devices will be described in detail in Chapter III.

TABLE 2.2

IVIULTI-LEVEL DIVE PROFILE PERFORMED WHILE TESTING
UNDERWATER COMMUNICATIONS EQUIPMENT

Time

imin.!

Depth
 fsw!
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Pre-Dive Evaluation of Multi-Level Dive Profiles

Real Time Evaluation of Multi-Level Dive Profiles

190

150

100

50

20

10

15

10

10

10

7

30



To test the safety of the decc~pr ession algor ithm pr ogrammed into one o tt ese
computers ithe EDGEI, a series of 119 multi � level person � dive profiles were evaluated, The
sublects were examined with an ultrasonic Doppler detector for the possible formation of
VGE and observed for signs of decompression sickness. The study, which extended the
decompression model to its limits. i esulted in only one sub lect developing,he mildest
grade of bubbles and no incication cf decompression sickness  Huggins, 1983! A full
description of the development and testing of the EDGE is presented in Chapter IV

SURVEY OF MULTI-LEVEL DIVING TECHNIQUES

The University of Micnigan Unaerwater Technology Laboratory has conducted a
survey of MLD techniques. A questionnaire was made available to sport divers through
various diving publications. The following information was requested:

A. Diving History

B. Multi-Level Diving Technique Used

C. Commonly Performed Multi-Level Diving Profiles

D. How Many Multi-Level Dives Performed Each Year

E. Where Multi � I evel Diving Technique Was Learned

F. Advantages of Multi-Level Diving

G. Any Problems Encountered With Multi-Level Diving

H Future of Multi-Level Diving

The results of the survey  Huggins. 1986!. based on the 68 responses, indicate that
most of the divers who perform MLD have either less than five years of diving experience,
or over 25 years of experience. The most frequently used method is the Repetitive Group
Method and an average of 26 multi � level dives are performed each year. Most of the
divers learned their MLD technique from a scuba instructor, even though none of the
certifying agencies recognize MLD as an acceptable diving practice.

The consensus of the r esponders was that MLD had the advantage of increasing
dive time without increasing decompression debt and allowed for more efficient use of air.
Most agreed that MLD should be limited to advanced divers. Some indicated that the future
of MLD lies in decompression computers, since the execution of a table-based MLD takes
extensive pre � dive planning. There were very few indications of problems involving MLD.
There was one case of first-hand decompression sickness reported and two reports of
second-hand cases. All of these problems occurred while using table methods.

Another aspect of the survey was to compare the commonly performed dive
profiles to various decompression models. It was determined that out o f 51 multi-level
dive profiles, 24 produced tissue pressures in excess of the Mo values allowed in at least
one of the six decompression models used.
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SUMMARY

It is difficult enough to study a single � level dive profile, but within that single � level
profile there are an infinite number of multi � level dives that can be performed. How can all
these dive profile variations be analyzed? Are there any undetectable problems associated
with MLD, such as asymptomatic bubble formation or development of dysbaric
osteonecrosis? Or does MLD reduce the probability of these complications occurring? The
data are not available.

Currently there is insufficient evidence or data to indicate whether most of the Ml D
techniques are safe or unsafe The techniques that have been tested seem to indicate that
some types of MLD can be safe, but there i still a great need for further studies in this
area.
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CHAPTER III

REAL TiME DECOIVIPRESSION DEVICES

OVERVIEW

Real time decompression devices are the most effective way to evaluate a civers
decompression status during a multi � level dive. These devices monitor the actual dive
profile and. in some manner, compute the diver's decompression status. They allot. 'or
more dive profile flexibility than standard decompression tables, which assume the entire
bottom time is spent at the maximum depth achieved during the dive. Figure 3.1 comoares
an actual dive profile to the square-wave profile that must be assumed if the diver uses a
decompression table.

The shaded area indicates times during the dive when less nitrogen is absorbec than
what the tables assume. In this case la 40 min. dive to 80 fsw! the diver is at the enc of

the no-decompression time for the maximum depth, according to the U.S Navy tables
However, since the entire dive was not spent at 80 fsw, the diver should be able to
extend the no � decompression time for the dive. A decompression device can either
compute the actual remaining no-decompression time or give some indication of
decompression status based on the actual dive profile.

40 MINUTES

Fig. 3.1 Actual Dive Profile vs. Square � Wave Dive Profile
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A decompression device has an advantage over tne tables even i- tne cive profile is
a square-wave. profile because decompression status is oasec on the actual dive depth
IVlost tables list aecompression information in discreet increments of depth and time.
Depths are usually indicated every 10 fsw and time normally every 5 or 10 minutes.
Normal practice is to round the dive profile up to the next deeper deoth and longer time
entry in the table A 51 fsw dive for 42 minutes wouid be considerea a 60 fsw dive for
50 minutes. A decompression device will base the diver s decompression status on the
actual dive depth and time, thus giving a more accurate representation of the dive.

The pre � dive Model Computational Method of planning multi � level dives is more
flexible than using decompression tables. However, it is still inflexible in its execution since
th diver must stay within a set profile, whereas a aecompression device can accommodate
unplanned variations to a dive plan.

Decompression devices base the diver's decompression status on models which are
built into the device. These models may be approximated by some tyoe of analog device or
computed by a digital computer. Disadvantages of decompression device use include:

A There is no safety margin associated with a decompression
device unless it is included in the model. If the device is

pushed to the limit of safe operation the decompression
model used in it is also pushed to its limit.

B. There is the potential for mechanical or eiectrical failure.

C. There are mechanical limits and decompression model limits
to consider. Both limits may be exceeded during operation.

These problems can be virtually eliminated by thoughtful designs and responsible use.

Decompression devices should be designed with the user in mind. The design should
be such that

A. Decompression status is continually displayed in an easy-to-
read manner.

B. The devic" has high integrity in both the physical design and
decompression model design.

C. Relevant info. mation such as depth and bottom time is
displayed so that the diver can make an emergency "bailout"
decision in case the device fails.

There have been many attempts to design and produce a reliable decompression
device since 1956. The following section will look at the history of decompression devices
anc some of the problems that have been encountered in the past 30 years.
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HISTORY OF DECOMPRESSION DEVICES

Initial Concept

During Wor Ic '.4'a ' tne cence''. of deep sea lvlng nanged witt tne i".rocuction
of SCUBA U- to tnis time civin" operations were carriec ou usinc sur-,'ace suooiiec air tc

hardhat ciivers wno wouic soenc tneir entire dive at one depth for as long as .ney neeaed
to complete a task Decomoression status computations ana execution were oe. fo mecl by
tenaers at the surface.

Wi.h tne aavent o- SC' 'BA came some logisticai pr oblems which nac t" oe
consiaerec.

A Divers were now separated from surface contact and had
to be r esponsiole for their own aecompression
computations inis produced the need for some means to
determine their decomoression status underwater.

B. The divers no longer had an unlimited surface supplied
source of air They had to return to the surface
occasionally for a fresh tank of air Therefore, some
mecnanism was neeaed to cornoute r epetitive dives, an

operation That naa not been requirea often prior to the
introduction of scuoa.

C. Divers now had three-dimensional freedom during a dive. All
the previous tables assumed the divers spent their entire
dive at a single depth with no 3 � D movement.

The following quote. from a NEDU report  Searle, 1956!, indicates the need fo-
some type of decompression device:

With the ever widening fields of both civilian and military free-
swimming and diving using self contained breathing apparatus, and
particularly when such diving is untended from the surface, there arises a
very pressing need for a small poitable indicating apparatus to be used to
indicate proper decompression in ascent.

In the early 1950s, tne U.S Navy formec he Committee for Unaer sea Viar-'are anc
Under water Swimmers to iaentify imor ovements requir ec in divina equipment tc fit scuoa
oper ations The committee met in 195 ' at Scr ipps institute of Oceanography Or,e o;ne
topics addressed was how to contr ol the decompression of a non � tetherec. free-
swimrning scuba diver The committee report dealing with this problem.  Groves i Mionk
1953!, stated:

I n ordinary diving [hard hat j the tender aboard the ship keeps a
log of the depth- time history of the dive and then computes the
decompression requi rements from some si mple table. For a di ver usi ng
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self- contained equi pment, three possibilities present themsel vest I a I the
d, ve. ke ps a log of depth and time and tnen computes tne oecompiession
requirement while under water  this involves a depth gauge, watch, and
wi ts!; bi the di ver fol lows a prearranged schedule I how dul I l: I cl by
guess and oy God. None of these alternatives is entirely satisfactory.

This report pr esented a preliminary design for a diver � carried decompression device.
It was a pneumatic analog computer which simulated nitrogen uptake and elimination in two
theoretical tissue groups. The potential benefit of such a device was summarized by the
following statement

The gauge automatically takes into account the depth-time history of
the entire di ve. T he resul ti ng conti nuous "opti mum ascent" shoul d be
somewhat more efficient than the usual stepwi se ascent, the latter bei ng
used only because of its greater simplicity of presentation in taoular form.

There are two other situations for which the gauge is conceivaoly an
improvement over the table. For repeated dives the gauge automati cal ly
takes into account the residual elevation of nitrogen pressure in the body
from the preceding dives. IOi vers are known to be more subject to bends
on subsequent di ves.i In the case of an emergency ascent, such as may be
requi red by an exhaustion of breathi ng ai r, the gauge gives some indication
of the desi rable re-compressi on procedure.

This report also inciudea a basic design for the "Ultimate Gauge", an electrical analog
computer. The envisioned device would show both decompression and air consumption
status so that the diver would know if the remaining air supply would be sufficient to
perform the required decompression schedule.

This report established the foundation for most of the early designs for
decompression devices. Since its publication, a variety of both analog and digital
decompression computers have been designed, built. and have met with various levels of
success.

Analog Devices

Prior to the advent of microprocessors. mechanical and electrical analog computers
were used to simulate decompression models in various decompression devices.

Foxboro Decomputer Mark I

An analog decompression computer built by the Foxboro Company in Foxboro,
Massachusetts, was submitted to NEDU in October 1955. Its two tissue pneumatic design
was based on the Groves and Munk report The two tissue groups to be simulated had
half-times of 40 and 75 minutes and surfacing ratios of 1.75: 1 f or both tissues
 Fredreickson, 1956!. The computer used five bellows to determine decompression status
 Figure 3.2!.

Nitrogen absorption and elimination from the tissue groups was simulated by the
flow of gas through porous resistors between bellows, which were exposed to the
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Sate  Green!

100
� Cntical200'

 8!  C!

Danger  Red!

Resetctron
r

 A! Depth Bellows

 B! 75-mst. T.C. Belows

 C! 40-mm. T.C. Bellows

Vacuum

Bellows A, B, C, are exposed to pressure of sea water durrng dtve.

Fig. 3.2 Foxboro Decornputer Mark I Schematic  from Fredrlckson, 1956!.

Fig. 3.3 Foxboro Decomputer Mark I  photograph courtesy of Mead Bradner!.
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amoient "ressur anc oellows seaied in - vacuun", keot unoe. a constan: " essure by

soi ing

This aevice  Figure 3.3! was the r esult o- communications oetween twc brot0ers, D-
ough Braaner imemoer of the Committiee of Undersea Warfarei and Mead Braoner  head of
Researcn anc Deveiooment at Foxoorol The oper ation of the unit involvec oalan Inc the
color s on a cist' viewed tnrougn a winoow on the rignt side of the aevice ine aisk was
aivided into three sections. One � half was white. one � quarter was red, and one-ouarter was
green If the dia' snowed any green through the half-disk window, the aive: was safe If
any red was snowing. the diver had exceeded the safe ascen'. oeptn anc wouic nave to
oescenc Oot:mai aecompression was achieveo by keeping jus the white half cf tne diss
vis ole tnroucn the winaow

Results of the evaluation by the NEDU  Searle, 1956! stated that tne aevice gave
readings within the U.S Navy Table decompression ranges for some dives and outside the
r anges for othe. s The ma!or reason for this was that tissue half-time values were
mistaken for the:ime constants of the bellows. The actual tissue half � times simulatea by
the device were 27 7 and 52 minutes, causing deviations from tabies.

The device was returned to Foxboro for re � evaluation and modification but was
never r esubmitted to the Navy ln 1957 the Navy published new air no-aecompres-
sionidecompression tables. and repetitive dive tables The Navy apparently re!ected the idea
of a decompression computer and accepted option 'a' of the Groves and Monk repo,t  i.e.,
aepth gauge, watch, tables, and wits!

SOS Decompression Meter

The SOS decompression meter is probably the most well known decompression
device. It was designed in 1959 by Carlo Alinari and manufactured by an Italian firm, SOS
Diving Equipment Limited  Gordon, 1978!. The SOS Meter or DCP  Decompression
Computer! is still manufactured and available. The DCP is a one-compartment, pneumatic
device which "is purported to be an analog to a 'general' body tissue"  Kuehn, 1961!. Due
to the design of the DCP, the simulated tissue half � time varies with the pressure
differential across the ceramic resistor.

Figure 3.4 shows the construction of the DCP. As the diver descends with the
device, the ambient pressure increases on the flexible bag, forcing gas through;he ceramic
resistor into the constant volume chamber. The role of the ceramic resistor is to simuiate

nitr ogen uptake and elimination in the oody The pressure increase in the constant volume
chamber is indicated by the bouroon tube gauge. The gauge face indicates ne safe ascent
deoth for the cive As the aiver ascends, tne gas pressure in tne constant voiume enameler

ze ome greate tnan the external pressure and the gas ',low v.ill be reversed

A ma!or probiem with the DCP is its cieviation f orn the ' ' S Navy no-
aecompr ession limits at deeper depths. Howarc �975a evaiuatea ten DCr s anc oeterrninec
tnat the no � decomoression limits allowed by the DCPs were more conservative than the
U.S Navy limits a- deptns shallower than 60 fsw out less conservative at aeptns deeoer
than 60 fsw  Table 3.1!.
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Fig. 3.4 Schematic Diagram of SOS Decompression Meter  from Gordon, 1978'

TABLE 3.1

COMPARISON OF DCP AND U.S. NAVY NO � DECOMPRESSION LIMITS

DCP Time

 min:sec!

Depth
 fsw!

U.S. Navy Table
 min.!

 from Howard, 1975a!

33

40

50

60

70

80

90

100

110

120

130

140

150

160

140:1 1

72:34 � 77:57

60:00

47:1 1 � 54:07

38:40 � 39:54

30:15 � 32:52

28:09 � 29:35

25;35 � 26:43

21;24 � 22:29

19:18 � 21:14

16:11 � 17:13

14:56 � 16:05

12:56 � 13:42

200

100

60

50

40

30

25

20

15

10

10

5

5



TRACQR Elec rica! Ar aloe Comoute'

Tne fir st eiectr ca anaiog cecompression oevice was aeveiooec i" ', 96 oi 7 xas
Research Associates inc anc was known as the TRACOR comouter Tne aevice emoioyec
I 0 � section ladaer networ k oi series resistors and parallel capacitors .o sirnuiate nit! oaer

c;-'fusion witnir the bo"i Ar.,"ient pressui e rneasurerne.i. was su"Dliec =v a oe"-.." se~so-

wnicr, variec the voitage suopiiea to the network iwc sets o- oa;teries ocwer ec nc
aevice Two 1 '2D al~aiine celis power ed an oven wnicn housec the ele tr on cs anc

tnerr at a constant 9Q F =our small mercury batteries were usec as tne corn" uter
network power source The cisolay was a micro � ammeter which was cairoratec in fsv, ne
meter woulci dispiav how many fsv the diver coulc safely ascend To o=tain tne roost
e.ficient aecomoression tne cive woulc ascenc at a rate which keo; the r.,ete. -eac�nc

zer o tnroughout aecompression

An evaluation of tne computer by NEDU, IWorkman, 1963!, found:

The decompression meter predi cted mi nimal decompression
requirements adequately for schedules throughout the depth range tested
f rom 40 through 190 f eet f or ascent rates of 20 and 50 f pm. Longer and
deeper exposures were not provided adequate depth and total
decompression ti me at stops ' compared to the present U.S. Navy ai r
decompressi on taoles. Conti nuous ascent decompressi on predi cted oy the
i nstrument was i nadeouate doth in depth and duration of total
decompression ti me. i emperature dependency of the instrument was
excessive, particularly for cold exposures, and resulted in widely varying
decompression requi rements for the same dive schedule.

Workman further suggested that a mechani al analog computer could be used to
avoid the instability and breakdowns which occurred in the electrical circuitry.

DCIEIVI Analog Computer Series

In 1962, the Defence and Civil Institute of Environmental Medicine IDCIEM! began to
develop a ser~es of pneumatic analog decompression computers under the direction of D.
J Kidd and R.A Stubbs. The device had four compar trnents to simulate the nitrogen
aosorption and elimination in the diver. Initial versions arranged the compartments in parallel
The final design arr angeci tne compartments in series, resulting in the Kioo-Stuocs
decompression mooel aoie 3.2 shows test results for the various versions of the cevice
i-iyr,n 197$!

The MARK VS was the first thoroughly tested, success ul oecornoressior corn"uter
.he four compartments in series gave effective half-times of 5 minutes c ove 306
minutes !Nishi, 1978I Tne cisoiav consistea of a deotn gauge face with .tvc neec!es cne
tc indicate the diver s presen; depth. and tne other to incicate tne depth tc wnicn ne c;ver

coula safely ascenc

The unit was small enough to fit into a housing 9 cm in diameter and 16 cm long,
which could be easily carried by a scuba diver. Another version of the device, called the
IVIARK VIS, was aesigned utilizing the same aigorithm for hyperbaric chamber use. Figure
3.5 gives the schematic diagram for both the MARK VS 8 VIS.
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TABLE 3.2

INCIDENCE OF DCS PRODUCED WITH VERSIONS OF TH"

PNEUMATIC ANALOG DECOMPRESSION COMPUTER

DECOMPRESSION COMPUTER

MARK II P IVIARK III P MARK V S

CONFIGURATION PARALLFL

HALF � TIMES  min! 10 20 40 80

PARALLEL

20 40 80 160

SERIAL

2 1 common

SUPERSATURATION

RATIO  PTN2/PAI

NUMBER OF DIVES

DCS INCIDENCE

2 65, 2.15

1.85, 1 65 1.6 cornrnon 1 44 common

526 3775478

5.0.0 06'1.5'i'o

Volum

uick
neet

Pneum
Resisto

umatic
ors

re
or

Depth
don Tube

Safe A
Bourdon
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Fig. 3.5 Schematic of the Mark VS 8 VIS Pneumatic Analog Decompression Computers
 f r om Ni shi, 1 978!.



ihe IVIARK VS was orocucec ci S-a- Ae-osoa=e in;i e iate 1960s . o sale
inaustriai ana miii a~y aaencies v i:," ooeratior ai aept." iimits to 200 fsu. ir '. 970 S" a.
aeveiopec a smaller ana iignter ver sior, operational tc 300 fsw Due to tne comoiexity o
constructior., hign manufactur ing costs, and extensive maintenance anc calibratior
. eaulrements. tne IVIARK VS corn" ute. was no. a =ommerclali; via ie pi oc ct for soort
clvef s

GB Decompression Meter

General Biectric designee a oecomoression meter in 1973 wnicn utiiizec
semipermeable silicon membranes to simuiate nitrogen diffusion  Borom c, Jonnson, 1973.
These membranes are better than porous resistor s because the simulated half-time of a
compartment does not vary witn aepth las in the SDS meter! A four-chamber aevice was
built to simulate the IJ.S. Navy air decompression tables using tissue half � times of 24 39,
90, and 144 minutes initial evaiuations by GB showed that the memorane � basec
decompression meter concept was sound. The size of the unit could be reouced and
temperature dependence was ' well within satisfactory limits." However, no information oi,
any subsequent development and testing is avaiiable

Far allon Decornputer

As scuba diving entered thE rnic '970s the only commercially viabie aecomoression
computer available was still the SDS Meter All other attempts to develop a reiiable anc
safe decompression meter did not succeed or resulted in a product too expensive for the
average sport diver In 1975, Farallon Industries in California released a device called the
Decomputer. The device was a pneumatic analog computer which used semipermeable
membrane technology. It had four membranes which simulated two theoretical tissue groups.
Two of the membranes were used for gas uptake and the other two for elimination Figure

3.6 shows the schematic of this device. IPRRCATUR RETURPI SFRRIO
SLOW TISSOE IPIDKATOR
IPRXCATXXI COLOR SAPID
FAST TISSUE IPIDICATOR

Fig. 3.6 Farallon Decomputer lfrom Farallon, 19751



:he "ollaosiaie gas cnamoe- iows tnrougn .he fast issue ilar ae~ anc
siow' issue .smail tremor anes wner, exoosec tc eievatec oressures: he incr easec

or essur e wi�n!.. tne mecnanisrr causes the tissue pistons to move aiona the dispiay. The
display colo; � coaec areen yellow. anci i ed, inciicates the diver s aecomoression status. The
o lect .vas .= neve" surface witr tne pistons in tne rec or oper veiiow oortior o. tne
cis" iav .'"ne":ne anaient oressur e is r ecucec tc iess tnar, tne or essure insiae tne tissue

simulator «e ai- f1 ov" s throuah the r eoetltlve aivc rnemorane Bott. tissue simulator s naa

of',� gassing memoranes whicn simuiatea a slow of.-gassing rate

Testinc at Scr ipps Institute of Oceanogr aohy inaicatec that thc aevice failea to
aooroximate tne L.'.S Navy air aecompression limits and taoles !howai d. 1975. Some

aliowaole no-aecornpression limits were 60 fsw -or 7=�.5 minutes, 80 fsw for "Ii minutes,
150 fsw for 125 minutes, and; 190 fsw for 7 minutes. Tests using the device for
repetitive dives pr oved even less acceptable. The Royal Australian Navy also evaiuated tne
Decornputer. ana found that it was too permissive and it developed too much mechanical
aeterioration with use  Flynn, 1978!.

Digital Devices

By the mid-1970s the micr oprocessor revoiution was well unaerway Now it was
possible to construct a small digital computer dedicated to the specific task of
aecompression computation Digital computers are more accurate thar, mechanical analog
computers anci have fewer calibration problems than electronic anaiog compute. s however,
a ma!or drawoack with these ciigital computers has been the lack of an aaequate power
suppiy

DCIEM XDC Digital Decompression Computer Series

DCIEM began work on the XDC Digital Decompression Computer Series in the mid-
1970s. Due to the success of their previous work with pneumatic decompression
computers, they elected to use the Kidd-Stubbs decompression model with their digital
computers.

DCIEMs first computer, the XDC-1  Figure 3.7!, is a desk � top model. It is used to
analyze dive profiles or plan upcoming dive operations by accepting dive profile information
through the keyboard. It can also be useci in a real-time rnoae where the diver s depth
information is suoolied via a pressure transducer and an A/D converter. The decompression
status is aeterrnined ay computing the nitrogen pressure accumulated in the four tissue
groups of the Kidd � Stubbs moael

During tne aive. the operator can extrapolate ti e dive profile and aetermine reauire"
aecomor ession aebt basea on numerous ciive options  Lomnes. 1975! The XDC-1 v'as
manufactured ay Canadiar Thin Films Systems Inc in British Columbia an" suc essfuiiy usea

laborator y hyper bar ic facilities however tne aesign is not practica, 'for ooen water
diving situations.

To handle the rigors of diving operations. DCIEM designed the XDC � 2  Figure 3.8!
This computer is a dedicated real � time decompression computer used with surface supplied
diving operations. The unit can be connected to a pressure transducer carried by the diver
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or connectec to the "pneumo hose on ne iver s umbiiical The basic cecor, o ession
moae, ir, the XDC � 2 is the same Kl � St ""s model usec ir, tne XDC � . Tne out" u.
information of the XDC-2 consists o- four iarge LED displays anc two arrays of
indicator lamps. The main information suooiiec oy tne four large LED displays is:

Depth

2 Elaosed Dive Time

C Safe Depth !aeoth tc wnicn tne diver can ascenc safely
without violatinc the moael!

D No � Decompression Time Ascent Time Display When the
diver is within the no-aecompression limits this display will
display the no-decompression time remaining if the diver
stays at that depth  negative number!. If the diver goes into
a decompression dive this display will give the optimum
ascent/ decompression time ipositive number}

One array of LED lamps presents a bar graph showing the safe ascent depth and
the other array is composed of warning lights that indicate the system s status. The unit
runs off a standard 110V AC line and has internal rechargeable NiCd batteries that power
the unit for two hours if the AC power fails. The unit can also run off an external 12V DC
power supply The XDC � 2 is s ill used in the Canadian Navy, with slight modifications to
the Kidd � Stubbs decompressior, model software. Tne main limitation witn the XDC-2 is tha
it requires the diver to be tended from the surface because the computer cannot be
carried by the diver.

Fig. 3.7. XDC-1 Decompression Compute. !from CTF Systems, inc!

'The pneumo hose is an air hne whicn is open to the water where it terminates a'.
the diver When the hose is pressurized the air will force the water out the open end of
the hose. The resulting internal pressure will equal the pressure of the depth the diver is
at. If a small flow of air is maintained through the pneumo hose during a dive, the hose
pressure will track the diver's depth.



Fig. 3.8. XDC-2 Decompression Computer  from CTF Systems, Inc!.

Fig. 3.9. XDC-3 Decompression Computer / Cyberdiver  from CTF Systems. Inc!.
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acccmmoaate the free � swimming scuba aiver the XDC-3 or Cvaeraive' was
aevei"oec h= vaeraiver was the fitz. diver-carried micro" ocesso- Base" ui ae wate

aecomcress o,:omouter IFigure 3.9,

The cev:=e attached to the diver s tank anc the small hanc-heic aiso av oresentec

sa"e ",'a"a ich as the XDC-2 he uni. was power ec av our 9" "atte.ies witt. a

lifetime o ace' . ou hours. Tne batteries coulc be replacec without osihc the exlstlnc

aecorhoressioi h-o mation To conserve power, since the aisplay =Vs hac a,ar ae cur rent
arair, tne aisplay was equipped with an inertial switch that woula turn the ' =Ds on for six
seconas tcr reaaihg The XDC-3 met witn limited success since its initiai cost and tne cos.
c- our 9'i aatte.ies every four hours on a aiving excursion were too nigh or the averaae
soars alver

DACOR Dive Computer

The most effective way to use microprocessor technology in aecomoression
computer s is to p~ogram the decompression model into the microprocessor software
program as in tne XDC series. Another less efficient way to use microprocessor s in
diving computer is to store established tables in the memory, and design the software to
reaa those taoles In this configuration any advantage obtained by intearating the
decompression status over the entire dive is lost.

The Dacoit Corporation was interested in designing and pr oducina an underwater
decompr ession computer during the late 1970s. They aeciaed. aue to liabiiity reasons.:o
design a aiver-carried computer wnich would read the Li.S Navy air decompression tables
for the diver IFoley, 1979!. In the first section of this chapter. choice "a' in the Groves and
Monk report stated that a diver would need a table. depth gauge, watch, and wits. Dacor s
solution combined the first three items and eliminated the diver s need for wits.

Dacor was prepared to market the unit, but the power consumption in the device
was so high that it required a special battery to allow it to continuously run for at least
twelve hours. According to the company, two � thousand units were ready to ship as soon
as the batteries arrived, but the factory that produced the batteries was destroyed by fire
and the pro!ect was shelved.

Cyberdiver II

Kybertec  now Newtec! in British Columbia which worked on the XDC � 3, o
Cyberdiver. entered the sport diving mar ket with Cyberdiver I, 'in 1980 ' ike the Dacor
comoute .-. read tne J.S. Navy air decompression tables 't cohhectea t the hiah pressure
hose of the r egu'ato. anc aispiaye" the aive. s ta,.k pr essure. I.s pov~e suooiy was one
9V battery wnich provided six-to-twelve nours o- continuous o"e'atior . aepending oh
water temoerat re however, there was a .vav to save previous aive ih-ormation if the
batterv was cnahaea The unit had ar, auaic waining svste,, to ihai ate nazar ao =-
decompression situations The Cybei cliver II me. with some maiketihg SuCCeSS. but the
primary complaints were that it was too bulky and tne calioratior, system was too compiex

Cyberdiver III

Newtec returned to a decompression model instead of a table to determine
decompression status with the Cyberdiver III in 1981 The Cyber diver III uses the Kidd-
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Stuoos moce' like tne eric;",al Cvoerc ver .he

c.apnical -;orl, using, Ive:Ds '.'.',. Incl ate ne
altituce for lying after civic Ike le Cvoe elver
pressure hose of th regulate;, anc .n size of
thoucn Newtec is r,ot acvertisinc tne nit:t:s still

cecor.,"I ess;on status;s c;s�"iav

c,ver s sa-e ascent ceotn anc sa-= asce".

II, tne Cyberciver III attacnes tc tne
the two units is almost ident. al vel

available

Decobrain I

Two new decomoression comouters specifically designed for spor', elver s we, =-
eleased ln < 98 t hese vvere tne =DC": No � Decompr ession/Decompr ess on Com" uter

lv.hlch w'ill be exclusively cover ec in C; a ter I v'! and the Decobrain

When the unit is turned on it r acs tne ambient air pressure and determines whic!-.
of the five sets of tables to use. The d compression information for the subseciuent cive
is based or. the table range that covers the ambient pressure sensed at initialization.

Fig. 3.10. Decobrain Decornoressi. Computer  from Divetronics!

The Decobrain I is a .able based decompresslor device. The five sets oi Swiss
tables were progr ammed into its memor y. It was manufactured by a corr,pany
Liechtenstein called Divetronic The unit IFIgure 3.10!, worn on the wrist. displays the dive; s
depth, bottom tim . ascent time, anc initial decompression stop Vv'hen the civer gets with,r
two minutes of the no-decompression limit. two zeros blink in the decompression stoo
display. If a civer enters a cecompr ession dive, the decompression stop dispiay prese,.ts
the first decompression stop aeclth and time. When the diver omes within 5 fsw of the
stop depth, the decompressicn t me counts clown to zero and the next decompresslcn
stop is displayed. At the surface, the Decobrain displays the maximum dep h anc botto...
time of the pre.ious dive. the surface interval, and the desaturation time Itime reauired to
eliminate all feslcua nitrogen! The power source is a rechargable NiCd pack which allovvs
80 hours of operation on a full charge IHass, 1984!.



aS"=-; O-' tne Deaabra:n iS .hat, ever, '.bouc-, i.:s abie-=esca ailc ...:-

computer per 'or rr... ui i � levei " r,.b tations
problem with '.his repetitive
is =onsiaer ea see Chabt r

"ives Tn;s is done by having theinlultl 'ev

able s e" etitive group ciesignator
"niv one -.issue grou" in the

90 w' rJ.e na', time tlSSue Wan

l 'Sing s The

rnoael.=:nnlcue

c cf tne tner sever:.Ssues are ccnsicerec
ca-,butatior "': .-= Sviiss .able rebetitive aroups

Dr Br Jce Basset and this author separately berformed tests on ',his aevice ana
found tnat tne uni. could easily be put into an out of range situation, rendering the unit
useless as a deco.�.,pr ession device Also, ' The technical i nforrt ation anc' operati no
instructions su ppl i eo wi tn the oroo'uct are sorel y lack i no in;ne o'etai I s neea'ed
aoeauate y use and inteipret tne oevrce IBassett, 1923!

In 1985, Divetroni released new software fo. the Decobrain package, Decobrain
This version is based or, the Swiss decompression model. not the tables A: this time, no
known evaiuations of tne Decobrain Il are available

SUMMARY

The diving community is becoming more aware of the advantages aecompr ession
computers offer in terms of multi-level diving credit and computation of ciecompression
status But. studies of multi � level diving and aeveiopment of reliable and safe
aecompr ession combuters must make up the 30 � year head star. of tabie-based s-
diving techniques.

It is interesting to speculate about the present state of scuba diving if the Foxboro
Decomputer tVlark I had performed properly and had been adopted for U.S. Navy use in
1956. If so, the present U.S. Navy air decompression tables might not have been computed
and the standard tool used to determine decompression status might have been a
decompression computer. Decompression computer technology would be far more
advanced. and more information and studies about the effects of multi � level diving would
be available tociay

As more decompression computers become available, they must be thorougnly
tested to ensure operational and decompression model integrity and reliability. Even so. the
final responsibility of the diver's decompression falls upon the diver. All a decompression
computer can do is provide decompression status information based on a general model
The diver may or may not choose to use that information and should make common sense
decisions based on personal limitations and environmental conditions.



CHAPTER IV

DEVELOPMENT AND TESTING OF A DIVER � CARRIED
NO � DECOMPRESSION/DECOMPRESSION COMPUTER

OVERVIEW

Since 1981 the author has worked with ORCA Industries, Inc. on the development
and testing of an underwater decompression computer called the EDGE  Electronic Dive
GuidE! shown in Figure 4. 1. This chapter will cover the initial concept, algorithm design,
operation, testing. and follow � up information from field use of the EDGE. At this time the
EDGE appears to be a commercially viable, safe decompression computer for the general
sport diving population.

Fig. 4.1. The EDGE No-DecompressioniDecompression Computer

The information contained in this chapter regarding the EDGE is protected under
ORCA Industries, Inc. Copyright 1985,86,87.
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BACKGROUND

The concept of a diver-carried no � decompressioniaecompression computer was not
new There have been many attempts to design and produce such a device since tne
introduction of scuba in the 1950s Initial sketches were comoietea by the author n 1980
for a small underwater decompression computer for sport diver s The unit woi.c ae small
enougn ." wear on the wris ana would be attached to the first s aae o- "e scuoa
regulator in order to display tank pressure. The decompression status would ae aisplayea
by four LCD numerical displays

In 1981, after presenting a lectur e on decompression theory, tables, and aevices to
an instr uctors Training Course at Wright State University, the author was app oacnea by
Craig Barshinger, one of the instructor candidates. Mr Barshinger had also been working on
the idea of a decompression computer for sport divers. He had founded a corporation in
Delavvare, but lacked background in decompression theories and models. During the next
year ne continued to develop this company  ORCA Industries. Inc.} while work progressed
on an algorithm for a decompression computer. The algorithm work included:

A. Selectionicreation of a safe decompression model.

B. Developing the decompression algorithm lfrom the modeli
that would be programmed into the unit.

C. Design and cor,figuration of an easy-to � read display screen
to show the diver s decompression status.

D. Human sub ject testing to determine the saf ety of the
decompression algorithm.

Others who were indispensable in the successful development of the EDGE were:
James Fulton, business and marketing; Len Anderson, hardware design; John Harris,
software programmer; John Dalton and Robert Roder, case design.

By December 1986 there were over 5000 EDGE computers in use. and ORCA had
become a leader in the field of decompression computers.

DEVELOPMENT OF THE DECOMPRESSION MODEL AND ALGORITHM

The initial problem in EDGE development was selecting the model that the diver s
decompression status would be based, n. Some of the criteria were:

A. The model type must be established.

B. It must be safe enough for all sport divers.

C. It must give results which are always more conservative
than results obtained from the U.S. Navy standard air
decompression model.
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D It must consider the type of diving to which the majority of
sport divers sub!ect themselves irnulti � level dives, multip!e
dives "er day. and multiple davs of diving!

A Ha!danian cecompression mode! similar to the U.S. Navy stanaard air
e or,,pression model was selected. This .vouid allov a diver to compare the EDGE

c comor ession mode! tc the U.S Navy moael, used to compute the tables wriich are the
stancard of the spor t diving community This comparison neips a diver comprehend the
operation of the device.

Next the following parameters had to be determineci

A The number of tissue groups to include in the model.

8 The range and specific vaiues of the tissue half � times

C. The M values for the se!ected tissue groups.

D. The hM values used to compute safe ascent depths in
decompression dives.

E. The tissue pressure update interval, or how often the
ambient pressure was sampled and the tissue pressures

recomputed.

Twelve tissue groups were selected, twice the number of tissue groups in the U.S.
Navy air decompression model. This allows for a wider range of tissue half � times. All the
tissue pressures are shown in bar graph form in the graphical section of the display  see
Display Configuration section!.

The range of tissue group half � times in the U.S. Navy air decompression model is
5- to 120-minutes. This assumes that a diver has eliminated all residual nitrogen 12 hours
after a dive. More recent models have indicated that longer tissue group half-times should
be considered  Beckman. 1976!. Some of these models have tissue group half-times up to
1200 minutes for dealing with decompression from saturation dives. This half-time is
probably too long to consider for normal sport diving situations. However, there is some
concern that a 120-minute half-time is not long enough when multiple dives are completed
each day for many consecutive days, a normal practice of vacationing sport divers. After
consideration, the slowest tissue group half � time in the Haldanian model used for the EDGE
was 480 minutes. The fastest tissue half � time selected was 5 minutes, which is standard in

most. air decompression models.

The IVlo values and tissue group half � times were seiected to obtain a smooth "tissue
surface limit line" on the display. They were determined using no-decompression limits
based on Spencer's equation and therefore are more conservative than the U.S. Navy values.
The tissue group half � times and their corresponding Mo values are listed in Table 4.1, with
the U.S. Navy values listed for comparison. There is a good representation of tissue groups
between 10-minute and 80 � minute half � times � of the 12 groups!, which are the tissue
groups of primary concern in normal multi-level dives.
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The 480 � minute tissue grouo was assioned a Mo value of 33 fsw nitrogen, wnich
does not allow for any level of supersaturation.  This decision has caused some annoyance
to some of the divers who do extensive diving. This problem will be addressed later!. All
of the hM values were set equal to 1.0. This added conservatism to the model and
simplified computation of the safe ascent depth.

The update interval selected was 3 seconds. This allows a good integration of the
dive profile since the normal divers depth changes little in three seconds. It also allowed
the pressure transducer and other components to be turned off for approximately two out
of three seconds in order to reduce power consumption.

The formula used to calculate the tissue pressure nitrogen levels is the oasic
exponential equation used in all Haldanian aecompression models.

p

Where

Total nitrogen oressur e in tissue group i
Initial nitrogen oressui e in tissue group

Ambient pressure of nitrogen in the breathing
medium

P  II

p  i!

p

� 0.034657 min [In .5! x 3 seconds]

Half-time of tissue group i

k

T1/2 i!

TABLE 4.1
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Tne oecomoression information to be aispiayed by the device incluaec

A Remaining No-Decompression Time. If the diver was within
the no � decompressio~ realm of the model the computer
w ould display the amount o', no � aecompressior time
remaining at the preserit depth

B. Remaining Decompression Time. If the diver was within the
decompression realm of the model, the computer would
show if decompression could be performed at the present
depth. If it could not, the diver would be warned If

decompression could take place. the computer would
display the required decompression time for that depth.

C. Safe Ascent Depth or Ceiling. If the diver was in the
decompression realm of the model, the computer would
display the shallowest depth to which the diver could safely
ascend.

The formula used to compute the no-decompression time remaining and the
decomoression time remaining for a specific depth is the same. The result is the time it
will take a tissue group to reach its Mo value:

 in  Mo i! � P !/ Pt i! � P !! x T1/2 i!! [4.2]

In .5!

Where:

Mo i! = Mo value for tissue group i
T1/2 i! = Half-time for tissue group i

t = Time it will take at ambient pressure P for tissue groupa
i to reach pressure IVIo i! from the tissue pressure of Pt i!

Figure 4.2 shows the six possible relationships between Pt, P, and IVI that are
possible in the model.

Only conditions ¹1 and ¹4 produce a usable result from equation 4.2. Condition ¹1
indicates a no � decompression situation where Pt is less than the M value and Pt will have
to exceed the Mo value in order to equilibrate with P . In this case, remaining no-
decompression time can be computed.

In condition ¹4, the tissue group is in the decompression realm and Pt will become
less than Mo as it moves toward Pa. Decompression time required for the tissue group can
be calculated.

47



IVIc

Vi�

<- � � pV,

M p

Vi Po

< � � � p Mo

Fig. 4.2. Possible Relationships Setween ~, P . and M values

Of the remaining four conditions, "2 and 06 represent no � decompression
relationships since both Pt and Pa are, less than IVIo. In either case. the tissue is in a safe
no � decompression situation and its pressure is not considered in the computation of the
decompression status for the present cycle

In conditions -".3 and -".5, both P and Pt are at greater pressures than IVI, indicating
a decompression situation Since Pa ls greater than Mo. decompression of that tissue group
cannot take place at that depth. In these situations a warning is displayed indicating that
ambient pressure must be reduced to achieve decompression.

The calculation of the safe ascent depth, or ceiling, was performed by using the
simple formula

SAD = Pt i} � M  i! [4.3!

Where:

SAD = Safe ascent depth ir, fsw

Pt i! = Total nitrogen pressure in tissue group i
Vi  ii = M value of tissue gr oup

With this moael it is possibie tha a tissue group may be in either conaition =3 or
=5, but the ceiling prevents the diver from ascending to a depth where decompression mav
occur In this situation tne diver car. ascend tc the ceiling and proceea toward the surface
as the ceiling decreases In tnis r, armer the ~, M, anc i= relationships can move from'o' a
condition -"5 to =3 and finally to condition =4 where required aecompression can be
computed.

During each update interval the nitrogen pressure, no � decompression or
decompression time. and safe ascent aepth for each of the twelve tissue grouos must be
computed. Three situations can occur in any update interval



tissue crouo pressur es  Pti1i � ",. 12li are less tnari their
cori esponding iMo values

AlI 'tissue grouc pr essures ar e gr cate~ thar tneir
=or res" cnoinc M vaiues

Iv1os: o .ne tissue group pressures ar e iess thar..heir M�
values anc the rest are greate~ than their M values

In sit ation A the imes required for all twelve issue grouos tc reach their Mo
vaiues are computed and tne shortest of the twelve times is displayed as the Remaininc
fUo � Decompr ession Time

In situation "B the time for all tissue groups to reach their M values is handled in
the same manner as A I owever, if any of the tissue groups cannot reach their IVlo value
at the present P, the warning will be displayed that indicates decornoression is not
possible at the pr esent aepth. If all tissue groups can decompress to their Mo at the
present Pa. then tie longest of the twelve decompression times will be displayed as
Remaining Decompression Time.

The tissue pressure situation "B' occurs very rarely. A decompression situation will
usually be r epresented by situation "C". In this case tissue ar oups are in botn the r,o-
decompressior, and aecomoression state. As in situation "B", if one of the tissue groups
which require decompression cannot reach its Mo value at the present Pa, the
"decompression not possible" warning will be displayed. Another possibility is that ail tissue
groups which require decompression may be able to do so at the present Pa, but while
they are decompressing one of the other tissue groups may move past its Mo value,
making decompression impossible at Pa. Therefore all the no-decompression times are
compared to the required decompression time. A five-minute buffer was added to the
model to prevent the situation wherein a diver re-enters a decompression state immediately
following decompression. If the remaining no-decompression time for any tissue group is
less than the required decompression time, or if less than five minutes of no-
decompression time is left following decompression, the algorithm inciicates that complete
decompression is not possible at the present depth.

Additional features and warnings built into the final algorithm allowed for such
contingencies as exceeding the maximum depth of the unit, violating the aecompression
ceiling, and a weakened battery.

The maximum aeptn regis ered oy tne pressure transducer in tne =DC� : is 160;sw�
165 fsw icepencing on tne calic ation of the pressure transauceri Once tnis aeoth is
exceeded tne pressure transducer s A/D converter becomes saturatec lf this occurs the
algOrithm aSSumeS a depth Cf apprOXimately 200 fSW and diSplayS a Warning that the deOth
range has been exceeaed. The calculations in this mode will be satisfactory fo
approximateiy two minutes, after which the tissue pressure storage registers will begin to
saturate, starting with the 5-minute tissue group. This feature was aesigned to handle an
accidental out � of-range situation which could be readily corrected by ascending back into
the device s depth range. It was not designed to allow divers to use the instrument at
depths greater than 160 fsw.
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If during decompression the diver ascends past the ceiling, a warning is displayed
informing the aiver to descend to a depth deeoer than the ceiling Although this situation
vioiates the unaerlying decompression tneory, the tissue pressures continue to be computea
normally This is because a diver is expected to constantly monitor the unit during
decompression and any accidental violation of the ceiling will be corrected within a few
seconds

4 low-battery power indicator is another warning feature. This was designed to give
the diver four hours in which to replace the battery. This allows ample time to complete a
dive if the warning comes on during the dive.

DISPLAY CONFIGURATION

The format used to present information is of ma!or importance in any design. The
ratio of obtainable information to display space should be high. However, the user should
not be overwhelmed by too much information Hei she should be able to obtain general
information on decompression status at a glance and more exact information upon closer
examination of the display.

Necessary information, to display. included:

A. Remaining No � Decompression Time

B. Remaining Decompression Time

C. No Decompression Possible Warning

D. Ceiling  Safe Ascent Depth!

E. Warning if Ceiling is Exceeded

F. Current Depth

G. Maximum Depth Achieved

H. Warning if Depth Range has been Exceeded

I. Dive Time

J. Surface Interval Time

K. Low Battery Warning

Most of this information lends itself to digital representation, permitting the most
accurate presentation of data. However, under environmental pressures  such as nitrogen
narcosis or onset of hypothermia! and/or stressful situations, a digital format may require
more mental concentration than the diver can muster. In those situations it is easier to

understand information presented in a pictorial or graphical manner. Also, more information
can be presented in a graphical output format, but it is not as precise as information in
digital format.
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Temperature & low battery indicator

Maximum depth of dive

Surface interval time

Depth & time allowed
for repetitive dive

ON THE SURFACE Tissue-tracking displa

imit line for no decompressior

Depth bar indicator Minimum depth to start
decompression

Maximum depth of dive Present depth

Dive timer

Remaining time left without
decompression ascent

WHILE DIVING

Fig 4.3. EDGE Display Configuration.
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For these reasons. a split � screen option was selected to display information in both
graphical and digital form. Although sligntly redundant. this disolay offered the most concise
means to present the r elevant information to:he oiver By using a 32 X 40 square pixel
LCD matrix, both graphical and digital information can be displayea on a single display
screen

' he disolay presents information in two modes. The information aispiayea during
surface' mode differs slightly from the information displayed while in "diving mode Figure
' 2 shows the final display configurations for these two modes.

The "Limit Line'  D! separates the graphical and digital sections of the display. The
limit line represents the M values of the twelve tissue groups. During a dive, the 'Depth
Bar  A! descends along the depth scale, pushing the two 'Maximum Depth' pixels  B! in
front of it. Each row of pixels on the display represents 1 meter of seawater  msw!, giving
the depth bar a 40 msw  or 131 fsw! range. Since two columns represent the depth bar. a
resolution of 0.5 msw is obtained by activating first the left pixel and then the right pixel.
The "Tissue-tracking Display"  C! produces a bar graph of the nitrogen build � up in the
twelve tissue groups. As with the depth bar, each tissue bar utilizes two columns of the
display. The 5 � minute tissue bar is immediately to the right of the depth scale and tne
480-minute tissue bar is represented by the last two columns on the right. At any given
time, all the tissue bars are moving toward the level of the depth bar in an attempt to
equilibrate the tissue nitrogen pressures with the ambient nitrogen pressure.

As long as all the tissue bars are above the limit line no decompression is required,
and the diver may surface at any time. If any of the tissue bars cross the limit line
decompression is required. If the depth bar is deeper than the depth where tne
overpressurized tissue bar and limit line cross, then that tissue group cannot be
decompressed. The diver must ascend to a depth where the depth bar is shallower than
the limit line at that point. In the decompression mode, the ceiling is also presented in a
graphical manner by two pixels which migrate up and down the depth bar  not shown in
Figure 4.2!. As long as the depth bar is not "pulled up" past the ceiling indicators a safe
decompression can be performed. according to the model. By using the graphical section
of the display the diver can, at a glance. tell if the dive is still within the no-
decompression limits. The tissue pressure levels and their distance from the limit line can
be controlled by varying dive depth. The graphical display quickly shows the diver which
tissue groups are on-gassing or off-gassing at any given time. At the surface, the
maximum depth pixels continue to be displayed and residual nitrogen is indicated by the
remaining tissue bars.

The digital section of the display presents the diver with information in a more
precise format. During a dive the remaining no � decompression or remaining decompression
time is displayed on the bottom line in minutes and seconds  J!. If the time displayed is
remaining no � decompression time it is preceded by a plus  +! sign. If the time is remaining
decompression time, it is preceded by a minus   � ! sign. If decompression cannot occur at
the present depth, an up arrow   t ! is displayed on the line. The second line from the
bottom presents the dive time in minutes and seconds  G!. Above the dive time, the present
depth  E!, is displayed in feet of seawater  or meters and tenths of meters of seawater for
the metric version!. The ceiling is displayed above the depth  I!.

The two depth indicators  depth and ceiling! are together so that the diver can easily
watch them during decompression without jumping across other numbers.

The most important number, the no � decompression/decompression time, was placed
at the bottom of the screen away from the rest of the numbers.

52



At the sur face .he ~axl~urri ceoth achieved during the dive is disc',avec !,-"! in
reverse video  black oacx-rouse with ivnite numbers! The dive time fi om .ne as. =ive is
also displayed in reverse viaec:I",! but is a!ternated every three seconds with .he surface
interval. which is displayec in normal viaeo iin hours and minutes>.

The allowaole nc � cecoworession Iirni'.s for depths between 30 fsw and; 50 fsv.
are displayed on the bottom line iK, The depth and its no � decompression limit are
presented on the same line For examoie. 60 53 indicates that the no � decompression limit
for a single oepth dive to 60 fsw s 53 minutes. After displaying the 60 -.'sw no-
decornpression limit for 3 seconds the no-decompression limit for 70 fsw is displayed In
this manner the no-decomoression limits for depths between 30 fsw and 150 fsv iin 10
fsw incr ements! are presentea After tne no-decompression limit for 150 fsw is diszlayeo,
the cycle starts again at 30 fsw The no-decompression limit displayed is baseo on the
residual nitrogen in the tissue groups at that time.

The top line of the display  L! presents both the temperature  in degrees Celsius> and
the low power battery warning when less than four hours of use remain in the battery

The warning screens that are displayed if the ceiling is violated or if the depth
range is exceeded are shown in the EDGE Owner s Manual  Appendix H!. The "ceiling
violated" warning is shown in Figure 38  page 19, Appendix H! of the manual and the 'out-
of � range" indicators are shown in Figure 39 and 40  page 23. Appendix H!.

OPERATION OF THE EDGE

The operation of the EDGE, and examples of the display during various dive profiles
is presented in the Owner's Manual  Appendix H!. No-decompression and repetitive dive
examples are listed on pages 12-16. Pages 17 � 19 describe a decompression dive using
the EDGE.

TESTlNG THE DECOMPRESSiON ALGORITHM

A series of multi-level dive profiles were developed to test the safety of the
decompression algorithm programmed into the EDGE. Human subjects were exposed to
these profiles and monitored for VGE formation and/or symptoms of DSC. These tests
were essential prior to the release of the device since there is very little literature dealing
with multi � level diving safety.

Determination of the Dive Profiles

The test profiles were designed to represent common dive profiles performed by
sport divers and were intended to extend the algorithm to its limits. Since the EDGE was
designed primariiy as a no � decompression device, nine of the ten test profiles were no-
decompression multi � level dives. The maximum duration of each dive was limited by the air
supply from a standard 80-cubic-foot tank and an air consumption rate of 0.5 cubic
f eet/min.

The nine no � decompression multi � level dive profiles were also limited by the
f oil owing:
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Maxi~urn oebt," allowec was '3C fsw

n-ee no � aec" mpr essior, mult: � level aives we~e berformec
ac" aav or tnree successive days

-':-s; aive "- tne cay was a oeeo dive rnl mc lng

, ne secon= aive was a 'are morning snaliow dive

ine final dive of the day was either an afternoor, or night
Cive tO a aeec Or mbaerately deeD aebtn

F Each profile extended the algorithm as close to its limit as
possible in a' least one tissue gr ouo. However, at no time
ouring the dive were the tissue pressures aliowea to
exceed their M values

The nine no � ae ompression test dive pl ofiles are iisted in Table 4.2 along with tne
decompression dive orofile.

The decompression dive ldive "10! was performeci on the fourth clay of testing.
was designed to test the single � stop decompression ability of the EDGE alaorithrn bv
allowing tne subiects to decompress at 3C fsw instead of doing a stepoec aecornoression

Table 4.3 shows the nitrogen pressure build up in the twelve tissue groups upor
surfacing from the ten dive profiles.

Testing Protocol

The University of Southern California's Catalina Marine Science Center hyperbaric
chamber facility was used for the tests. The chamber is a 9' x 30' double-lock chamber.
and is one of the maior hyperbaric facilities in California for treating diving accidents. Thus
support personnel were on hand who were familiar with the symptoms and treatment of
decompression sickness. The only disadvantage was that the facility is one of the most
active treatment centers in the country, and the treatment of a diving accident coulc
interrupt the testing time schedule

Following submission of the testing protocol, human subiect abbrovai was obtainec
rom the University "- Southerr, California Human Subiect Boarc

Test Schedule

Because the possibility of interrubtion existed. tne schedule was designeo to oermit
the best chance of exposing at least one group of subiects to the full scheouie The
twelve subjects were divided into three groups of four Each of the three groups was
exposed to the ten test profiles during a four � day period The experiment took twelve
days. During this twelve-day period one emergency diving accident case was treated at the
chamber. However, it did not interfere with the time schedule and all thirty test dives were
performed on schedule.



TABLE 4.2

EDGE,'ES i DIVE PROFILES

DAY IIIDAY DAY DAY IV

Dive ¹2

Start 1 1:33
25' � � � 59 min

To sfc � 1 min

Stop 12:33

Monitoring the Subjects

For each profile the following data was taken for each subject:

A. Precordial Ultrasonic Doppler reading for detection of
venous gas emboli  VGE!.
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Dive ¹1

Start 10:00
130 � � � 8 min

To 70' � 3 min

70 � � � 16 min

To 40' � 2 min

40' � � � 18 min

To sfc � 1 min

Stop 10:48

Dive ¹3

Start 15:33
60' --- 15 min

To 100'- 2 min

100' � � � 10 min

To 60' � 1 min

60' --- 6 min

To 40' � .5 min
40' � � � 4 min

To sfc � 1 min

Stop 16:13

Dive ¹4

Start 1000
9Q' � � � 12 win

To 1 30' � 1 min

130' � � � 2 min

To 50' � 2 min

50' � � � 30 min

To sfc � 2 min

Stop 10.49

Dive ¹5

Start 1 1 49
25 � � � 15 min

To 60 � 5 min
60' � � � 15 min

To 25' � 5 min

25' � � � 19 min

To sfc � 1 min

Stop 12:49

Dive ¹6

Start 19:00
60' --- 10 min

To 1 10'- 2 min

110' � � 5 min

To 50' � 3 min

50' � � 20 min

To sfc � 1 min

Stop 19:41

Dive ¹7

Start 10:00
130' � � � 5 min

To 50' � 2 min

50' � -- 20 min

To 130'- 2 min

130' � � � 3 min

To 30' � 2 min

30' -- � 10 min

To sfc � 1 min

Stop 1045

Dive ¹8

Start 11:36
40' � � � 25 min

To 25' � 2 min

25' � � � 40 min

To sfc � 1 min

Stop 12:44

Dive ¹9

Start 15:30
70' --- 15 min

To 40' � 2 min
40' � � � 7 min

To sfc � 1 min

Stop 15:55

Dive ¹10

Start 16:00
125' � � � 20 min

To 30' � 2 min

30' � � � 12 min

To sfc � 1 min

Stop 16:35



TABLE 4.3

Ei~JD � OF � DIVE TISSUE PRESSURES PRODUCED BY EDGE TEST DIVES
.Fina! P ess re [fsw]l" of IVlo Value!

Half

. ime
DIVE NUMBER

1 ' 2 I 3 ! 4 5

~ ' ' ' '. ~ '- ~ ' . i 07 ~ 2% ~ b6 ~,' 8
7 62.,' 8 Bi: i =4 ~ ' 62:- 65. 1! 9 1'!. I 64. 4/90% l 9. ', 69

24 ' 59. 9!'94%%d I ="-".:, 69-- ! 60. 5/95! I 60. 5 95%%u, 48. =', 76%
3? 54.2/97% I 43.0 '7-,-;. 53.7 96! 54.2/97% 46.-'. 83;:

42 ' '83'l I 46 6 92%%uo ! 46, 6/92%%uo I 44 '8761 I 46. 6 92%%u

87 I 4'.7!89% 40. 2 86,- 43. 1 92%%u 41. 7/89% 41. 7 '89',
125 37.8!88%
197 I 34.0/87%

38.3 '89: 40.4/94% 37.8/88%%u
35.2/90", I 37.5 96! I 34.0/87%

39. 1 91%%u

36.0, 92!
271 i 32.1/88" 3 3 . 6!'92'!. I 35. 8 98'%%d 32 . 5! 89% 34.3/94!
392 i 30.2!89%
480 ' 30.0/91/

31. 5!93% I 33. 6/99'! I 31. 2/92% 32.9/97%%u
31.0/94" I 33.0/ 100/ 31.0 94%%u 32.3/98'!

Half DIVE NUMBER
Time 10

58.0/58%65.0/65%%u0 61. 0!61%62, 0 62%45.0 45%%u

17

24

49.8/89%
43. 1/85%

45.3/81!
43.1 85%

52.5/94%
45.1/89%

43.0/77!
39.0 77%%u

55.3/99'!37

46.6/92%61

40.2/86%87 39.3/84% 41. 2 88%%d 37.4 Bo%%d 41. 7!89%
37.0 86%

33.6 86%
39. 1 91!

36.0 92!
37.4/87%
33.6 86!

36.6 85%

34.4 88%
36. 6 85%
34.8 89%

125

197

33.6 92!

32.5 96!
32.1/88%
31. 2 92!

33.9 93!.

32.9 97!
31.8/87!
30.5/90/

34.3 94!

32.9 97!

271

392

31. 0 94! 32.7!99!32. 3 98! 32.7 99! 30.4 92!480

 Tissue pressures over 90% of Mo value presented in bold print!

B. Self Evaluation on how the subject "felt" following the dive
to determine any potential symptoms oi decompression
sickness.

The Doppler readings were obtained using a Doppler Bubble Detector Model 1032G
 institute of Applied Physiology and Medicine, Seattle WA! with a precordial 5 MHz
ultrasonic transducer. The audio signal output was recorded using a Sony TCS � 310 stereo
recorder.

The Doppler transducer produces an ultrasonic beam which is focused within the
pulmonary artery. When the beam is reflected off moving blood cells the frequency of the
beam is changed due to Doppler shift. The altered beam is then received by the transducer
and its frequency compared to the output frequency. The operator hears an audio signal
that simulates the sound of the flow of blood cells. If a gas bubble ldiameter > 100' !
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65.4/80%
61.5/86%
56.7 89%

63.8/78%

62.2!87-
58.6/92'/'

45.8 56%%u

46.5 65!

45.9 72%%u

58.9 72!

53.6/75%
48.4 76%

70.3/86%

68.6!96!
63. 1/99%



fiOWS through the focal area. the beam s reflection off the gas bubble is stronger than of;
normal oiooc cells The sounc pioaucec is o- snare wnistle o; chir" 'lik,e a bullet flying "v
Since ali the venous olooc fiows thioucn tne zuimonari artery gas "uooles occuiiinc ir,
-eieasec int" tne venous systen will eventually ',lov nrougi- tne beam focus

Tne resuitinc Doopier readings were graaec using the stanaarc grading system

Comolete lack of VGE signalsGRADE 0

GRADE 1 An oc asional ouobie witn malority of cardiac
periocs free of any bucoie signal

GRADE 2 Many, bu. less than half of the cardiac cycles
contain bubble signals.

GRADE 3 Most of the cardiac periods contain bubble
signals but do not override the cardiac signals.

GRADE 4 Maximum detectable bubble signal, heard
continuously. throughout systole and diastole of
every cardiac period and overriding the amplitude
of the cardiac motion signals

Doppler readings were taken:

A. 15 minutes prior to the dive.

B. Immeciiately following the dive.

C. Every 10 minutes following tne dive for the first 30
minutes.

D Every 30 minutes unti' tn ee hou s surface intervai nad
elapsed or until the next dive oegan iwhicnever carne firsti

The r eadings consisted of one r,,inute of clear signais with the suolect sitting stil'
followec by one minute of signals after the sublects haa flexed their arms and legs ltc
dislodge bubbles in the extremities!. Recordings were maae of each of the readings to
allow reevaluation on questionable signals.

One variation in the Doppler reading protocol was made with the decompression
dive <¹10!. In this case Doppler readings were made inside the chamber upon reaching 30
fsw.
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To obtain a signal the transducer is placed cn the chest approximately two inches to
the left of the sternum. A transmission gel is used to reduce the attenuation of the beam
between the transducer and the body. The transducer is then adjusted to obtain the clearest
signal from the pulmonary artery. If the focus is too close to the heart the signal will be
obscured by the sound of the pulmonary semilunar valve.



Any symptoms described by the sublec s in their self evaluation were rec=;cec anc
coaed in the following manner:

CODE A � Vague uneasy feeling

CODE S � Skin ltcning

CODE C � Mild Pain

CODE D � Moderate Pain

CODE E � Severe Pain

CODE F � Slightly Fatigued  added during tests!

CODE T � Slight Tingling  added during tests!

An emergency protocol was established to treat a subject who might have
developed severe VGE bubble formation or signs of decompression sickness.

Emergency Protocol

Due to the conservative nature of the decompression algorithm used in the testing.
the possibility of a test sublect requiring treatment for decompression sickness was
minimal. However, a hyperbaric physician was either present or on call at all times during
the testing. If a subject had developed severe VGE formation or decompression sickness
symptoms they would have been treated according to the following protocol:

A. If any pain develops or if GRADE 3 or 4 bubbles are
produced. the subject will immediately be treated on
Treatment Table V. If pain does not clear within 10 minutes
at 60 fsw, Table Vl will be used.

S. If the sublect develops GRADE 2 bubbles without developing
decompression sickness pain, or if bubbles progress to
GRADE 3, the sub ject will breath 1 009' oxygen at the
surface for 1 hour or until the bubbles reach GRADE 0.

C. Any subject who develops symptoms listed in A & B or
develops GRADE 1 bubbles will be excluded from the
remaining dive profiles.

Sufficient time was available to evacuate the chamber if it was needed to treat an
outside diving accident. If the profile in progress was a no � decompression dive. the
subjects would be returned to the surface immediately and placed on surface oxygen for
15 minutes. If the profile in progress was the .ecornpression dive, subjects would be
decompressed on the U.S. Navy Standard Air Decompression Tables, breathing oxygen at all
decompression stops 30 fsw or shallower.
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Acceptable Results

Since the Mi vaiues were aerivec from iimits tnat exoect an occurrence o VG:�
'0---20'.. range i'. was expectec tr a. tnere wouic ze ii.tie " nc VG= ormatior

le . esults woulc be acceptaole

A No buboies of GRAD: 2 or nigner were proaucec in any of
the suolects

B. No pain or aecompression sickness symptoms deveiopea.

C. The occurrence of GRADB 1 bubble formation fell beiow

20'o.

Selection of Subjects

Twelve subjects were selected to represent the average sport diving community All
wei e active scuba divers and full � time or par t-time hyper baric chamber operators. auite
;amiliar with the risks and symptoms of de ompression sickness. As shown in iabie
tne subjects represented a wide age range 621 � 62 years! Male anc female subjects were
selected. Body composition was not measured, but a wiae r ange of body fat composition
was present among the subjects lespecially in the males!

All subjects were asked to complete a personal health evaluation prior to the
experiment. Then they were briefed on all aspects of the test and given the opportunity to
withdraw if they did not feel comfortable with the procedure All subjects elected to
proceed. Subject GP was not exposed to the decompression profile due to a scheduiing
conflict. Subject RD indicated that she had been treated for ' possible" decompression
sickness symptoms once. The symptoms were tingling in the left arm and leg that continued
to persist somewhat following the treatment. She had been examined by two hyperbaric
physicians following the treatment. The tingling was diagnosed by one as diving related and
by the otner as not diving related.

Results

The results of the study are sno.vn i." aoie ' 5 he cata snov.s the hiohest bucc;e
craoe octained fr om a aive followed by ti e symptom coae Nor,e of the no-ce oi
pression multi � level dive profiles proaucea any signs of VG= formation or decompress o,"
sicKness symptoms. The decomoression profile produced asymotomatic VGB bu"bies o
GRAD= i in one of tne subjects ana skin itches in another

Discussion

The results of the study were well within the pre-determined acceptabie guidelines
All results indicated that the algorithm was safe, and could be released without
modifications



TABLE 4.4

iESi SUBJECTS

AGE

,yrs|
WEIGHT

 Ibs >SEXSUBJECT

TABLE 4.5

RESULTS FROM EDGE ALGORITHIVI TEST DIVE SERIES

 Doppler Grades & Symptoms!

Dive Number

Subject 10

0-

0�

0-

0�

 T' � slight tingling in left leg;  F!-slightly fatigued;  B!-skin itches;
 -!-no symptoms;  ~! � subject not exposed

60

RD

JE
HF

KG

CG

JJ

BM

GP

BR

DR

LS

JW

RD

JE

HF

KG

CG

JJ

BM

GP

BR

DR

LS

JW

0�

0�

0�

0�

0�

0�

0-

0�

0�

0�

0�

0�

0-

0�

0�

0�

0-

0-

0-

0-

0�

0-

0-

0-

32

33

61

28

47

21

25

30

25

23

46

62

0-

0-

0�

0-

0�

0-

0�

0-

0-

0-

0-

0-

0�

0-

0�

0�

0-

0-

0-

OT
0-

0�

0�

0�

0�

0�

0�

0�

0�

0�

0-

0�

0-

0�

0-

0�

0-

0�

0-

0�

0�

0-

0�

F

M M
M F

M M IVI
F

M M

0�

0�

0�

OF

OF
0�

0�

0�

0�

0-

0�

0�

0�

0-

0�

0-

0-

0-

0�

0-

0�

0�

0�

0-

0-

0�

0�

0�

0�

0-

0-

0�

0-

0�

0-

0�

135

175

200

180

170

125

170

210

185

130

190

215

0�

0-

0�

0�

OB
0�

0-



The atmos; comoiete iack of VGE formatior, shows that aecomciression stress was

lov Asiae --om the ceveioomen of Grace 1 cubbies ti suo lee S anc ski" ","ies

su" ec. C= c',ic'~ing;ne aecomor ession. the oni, otnei incicatior.s "- "otentia

aecomoressior, s ress were fatigue anc tingling

ne;ingiin" ir tne ief: lec o' suoiect RD was ecoraec oecause the tingiinc was
Sliontl; stroncei ',nan norma oliowinC toe cive

is d fficui: .o conciuae wnethe. the slight fatigue in suolects KG anc CG was a
r esult of aecompression stress or otner factors The aive  No 7! was performec the
morning of the tnirc cay anc included two relatively rapid ciescents to 130 fsw This may
nave placec more ohysicai stress andior oecompression stress on tne sublects nan "ic tne
Other Cive Cir OfileS

Skin itches are not unusual following hyperbaric chamber exposures. It was unusual
that there was only one reported instance of skin itches  sublect CG. dive No 10:

This study also documented the validity of a multi � level diving procedure If the no-
aecompression dives had been performed using the U.S Navy Standard Air Decompression
Tables. an extensive decompression aebt would have built up However, no aecompression
steps were taken and all divers returned from the no � oecompression dives free of VGE
formation and symptoms of aecompression sickness.

IN-FIELD USE OF THE EDGE: FOLLOW-UP

The FDGE was released for sale by ORCA Industries in June 1983 after completion
of the human sublect tests. Since then approximately 5,000 units have been placed in the
field. This section deals with the reception of the EDGE by the diving community, follow-up
owner surveys. and the general safety record of the device.

Dr. Bruce Bassett published a review of the EDGE in July 1983  Bassett. 1983! He
presented the operation and underlying theory of the unit. and heralded the EDGE as 'an
innovation to sport divers equal to the original introduction of scuba." Despite this praise.
the high price limited initial market demand. However, acceptance of the EDGE has gradually
increased due to its safety record and proven reliability.

An owne. survey was conducted to help assess the usefulness and quality of the
EDGE. Information requested was:

A Features of the EDGE divers liked the best

B Features of the EDGE divers felt needec improvement

C How n-any dives they made using the EDGE

ihir ty � seven owners responded to the survey The features wnich they liked the
best were.

A. Multi-leve! diving capability

B Graphical presentation of information



C Remaining nc � ce omoression t:me cisciai

Areas tne owners felt neeoec imorovement inc uaec

Backiignt for a,soiav

B LCD display angie limited

C. Smaller size

D. Greater depth ange

E. Incorporate tank pressure and air consumotion

F Battery life too short

G Problems with paint finish crusting

H Better battery compartment o-ring seal

Inability to perform decompression at 10 fsw in some
situations

J. Required decompression time in excess of one hour with a
ceiling of 1 fsw.

Improvement and changes in the components and manufacturing procedures have
eliminated the problems of LCD viewing angle and battery life. Another case manufacturer
was hired to eliminate the problem with the finish.

Comments I and J deal directly with the decompression algorithm and specifically
with the decision to set the 480 � minute half-time Mo value to 33 fsw. If the diver
performs enough dives within a set time period. the 480-minute tissue group will not have
a chance to off � gas and will start to control most of the dive profiles. If the 480-minute
tissue requires decompression. tne diver must ascend to a depth shallower than 8 77 fsw
since the ambient nitrogen pressure at any deeper cepth wilt be greater than 33 fsw This
can cause problems for the average diver since the last decompression stop depth in mos,
decompr ession tables is at 10 fsw, and i is unusuai to oecomoress at a depth snaiiowe.
than 10 fsw

The long time required to oecomoiess is tne other proolem that occurs if the 480-
minute tissue group passes into a decomoression moae Since the off � gas rate is sc siow
the decompression requirement may be more than one nour with a ceiling of 1 fsw

These problems with the 480 � minute tissue group will usually occur only if four or
more extensive multi � level dives are performed each day. However, due to the conservative
nature of the IVI values in the slower tissue grouPs, there is room to adjust the Mo values
upward to eliminate the problem of decompression not being allowed at 10 fsw.oEven if
the Mo values are adjusted slightly upward, this author fully expects divers will press the



evlce to its ne''. M limits ano once again i un into or oblems dc =o;.," essing the slow
tissue cl c' 'os

sa .v ec c, ~ ic DG= is imo essive 'n' rrnatio tne s~, vey was
sec t" es::;,ate,ne n moc. "; dives oer;ormed using:ne EDGE -'; the:ime of:he

survey ear, "-"""' 900 un ts '~ere n use The thirtv � seven res" c" oers had oer formed
''.'=s a av= ace o 79 ives pef un:t Tne,"um" er =- = . es zer -ceo"ncent

..nicn =rccuced a stan"arc oeviation o-, 62 - ..",= average or 79 is
iar',= as . = Ig. e. i a a C. a ic 7 elves �9 62' taKe i as . e cv' e, . a ange o',
32,300 � '. 50 1I 00 cives l17 x 1900 and 79 x 1900I using the EDGE is estabiisned. In the
two yea;s since tne -eiease o the EDGE. there had been,ust twc confirmed,nstances of
decomoression sicKness occur,ng ~vhile tne diver was ising '�"e cievice. Both occ rr ed cff

"as; Coast ..ner e civing concitions are normally ceeo, arcuois. and coic Both v. er e
decompression cives One aive was to 151 fsw for 15 minutes laccor aing to tne oiveri
..h;ch is ciose to the deoth limitor the EDGE he other aive was -.o 1i 10 fs,", for 30

minutes, followea by another dive to 110 fsw for 24 minutes after a tvio hour and forty
mir,ute sirface interval iaccording to the diver, The diver had per o. med tne sa, e profiie
tne iveek oefo. e with no ill effects. Both of the divers were successfully treated at tne
University of Pennsylvania Institute for Environmental Medicine. There ar e unsubstantiated
reports of two cases from the East Coast which wer e treated at a facility in New York
The facility has not r esponaed to requests for data about these reports. Using the estimate
of tne nimber of cives using the EDGE �2.300 � 150,100 divesi and our cases o-
decompr ssion sickness. a DCS inc:dence r ange cf 0 0027=. to 0.012"'. is calculated.

EPILOGUE

Present evidence indicates that the EDGE is a safe and reliable proauct. he initial
concerns of the diving community about the multi � level diving capabilities seem to be
fading. At a conference on underwater education in 1985, the EDGE was prominent in
presentations on research diving operations and cave and cavern diving. In 1986, ORCA
Industries and Divetronics were the only companies pr oducing decompression computers
for sport divers. However, at the 1987 Diving Equipment Manufacturers Association show,
eight new different decompression computers were displayed with the hopes of having
pr oduction units available by the summer diving season.

The decompression computer s time has come, and while tnere is i oom for
improvement, the EDGE has contributed to the acceptance of decompression computers by
the spor, aiving community.



CHAPTER V

CONCLUSIONS

APPLICATiONS OF COMPUTERIZED DECOMPRESSION DEVICES

Computers were first used in decompression theory applications to heip compute
tables based on a specific model Tables were generated more rapidly and with greater
accuracy than before. During the past fifteen years moaern computer technology
aoolications have shifted more to the development of aedicated decompression devices.
Tnese new devices can integrate a complicated dive profile and determine decomoression
status and requirements in real time. This snift is evidencea oy the number o
decompression computers that have been introduced to diving since the early 1970s.

Decompression computers can be "active" or "passive systems. Active svstems are
uSually associated with hyperbaric chambers. The comouter controls the chamber oressur e
through Digital to Analog  D 'A! connections to iniet and outlet solenoids Manv of these
computers "read" established treatment tables and follow these taoies insteaa of computing
decompression schedules. A ma!or advantage of active cnamber systems is the aoility to
regularly and automatically ventilate the chamber  balance inward and outward flow of air to
prevent carbon dioxide build up!. Some active decompression computers can compute and
execute the decompression requirements of a chamber dive based on a specific
decompression model. These computers have advantages when the chamber must be
evacuated rapidly These active decompression computers also have extensive manual
override options.

Most decompression computer systems are passive. These systems comoute and
disolay information about decompression status and requirements. The person monitoring
the system must decide how to use that information. There are two basic types of passive
de" ompression computers:

Portable units � Computer s carried oy the user wno
directiy reads the information.

Stationary units � Units not carried oy '.hc user .i«e ne
XDC-2! Pressur e aata is fed to the unit oy a r emote
sensing method The information is diszlayec to a tenoer
who then informs the diver of his,'ner oecomoression
status.

The primary benefit of decompression computers is their ability to integr ate a
virtually infinite number of dive profiles  or any change in pressure situation! This permits
decompression status to be based on an actual pr ofile instead of a square � wave profile
 that most tables are based on!. Integrated dive profiles are more realistic and can be used



in many situations where Dec"ie are exDosea to Dressure cnanges which could Dotentaliv
Droauce aecomoression sickness

Sy using aecomoressio" computei s sport divers can per form multi � ievei aivinc
witnin the constraints o the aecomoression moael It aliows the aivers to exceec se:

sauare � wave no � aecomoressio- iimits without vioiating tne moael. This Droviaes aaaitiona
aive time resultinc ir more e-f,=;e.". use of;imitec anc exoensive. vacatior, t:me

Another cr ouD that car save money ana t:me by using aecornpressior comDute. s
ar e research divers. esDecialii those who per form water column or blue water aivin"
stuaies In these stuaies. bioioaical. physical, or cnemical activities are studied throuanout
the water column, not lus a one aepth In diving these columns for co lectiontoaser vaTlc,"
o organisms or equipment maintenance, the resear ch diver must swim the extent c-'
column  i.e., 0 to 100 fswi Lising tables, the diver is limited by decornoression
i equirements set by the maximum depth achieved during the dive. Many dives with Iona
surface intervals may be requii ea to cover the entire column and stay within taale safety
limits If a decompression comouter iS uSed, the researcher can potentially cover the entire
column in a single dive This results in more efficient use of dive time, reauces the numoer
of dives necessary, and can reauce the cost of a prolect.

The same idea applies to commercial divers. For example, it may be necessary tc
work on an oil rig at various levels It is more efficient to use one diver moving uD the rig
using multi � level techniques tnan to have a number of divers working at various leveis sa
that a set of tables is not viola ed

Military divers can use decompression computers that allow multi-level diving
Combat swimmers may be reauired to swim for long periods at shallow depths but mav
need to descend to perform their operations or avoid detection. This dive profile is aimos
impossible to establish with decompression tables. A decompression computer, however,
can easily compute the divers aecompression status for most profiles.

Divers who perform research or work from saturation benefit because their storage
depth is greater than sea level. which permits greater time at depth with f ewe.
decompression requirements. A decompression computer that computes both upwara ana
downward excursion limits could increase the efficiency of diving from saturation by
allowing multi-level ctives to be performed.

Other applications for aecompression computers can include pressure redu tiors
fr om 1 ATA or less, such as in nign altituae or space environments.

One examDle is the aecomDreSSiOn requir ementS DriOr tO extra vehicular activities
 EVAsl fr orn a soace snuttle. anc eventually from a space station A snuttle s atmosonere
air at 1 ATA A space suit s at, osDnere is pure oxygen at 0.29 ATA �.3 Dounas
square inch [psi]I If the asti or,a ". went dir ectlv into an EVA fr om the shuttle atmos" nei e.
the sudden pressure drop wouia Drobably cause decompression sickness  Rice. 1985.
avoid this problem the pressur e of the shuttle is dropped to 0.7 ATA with an oxyaen
percentage of 26 5% for at least 'i 2 nours prior to the EVA The astronauts Derforming tne
EVA then breath pure oxygen at that pressure in the air lock for 40 minutes before tne
EVA to "wash" additional nitrogen from their bodies  Covault, 1982!. Another more r aDid
pre-EVA procedure can be performed by breathing 100% oxygen at 1 ATA tor 3.5 hours
before exiting the shuttle.
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These orocecures show that there is no safe procedure for oerforming an
immediate e, ref gen v VA a ~ this time Sev i a' orocecu es are oetng onside, ec foi he
soace station atmosonere anc =VA protoco. Tnese inciuoe va- ous ar oos ir ", ess r es -.'ro;..
sea ievei tc space suit pressures  Vann, 1984 Hills. I 985! in tnese situations astronauts
couic use - aecomor ession computer to monitor th ambient oressure anc couid aiso

sw:tcn comoutations basec or, the gas mixtur e or eatnec ihe comoute. woulc inform
as a J. - tneir status to perf orrn =''J As abc wr a; tube "- oec omoressi or. -.= un" e roc

Qr lc tc V A

FUTURE SOLUTIONS TO AIR DECOMPRESSION PROBLEMS

Decompression comouters are here to stay They will oecome more so�nisticatec as
hyperbaric physiologists and manufacturers combine expertise to utilize the oenefits of tne
eiectronic and computer revolution.

At present most decompression models. and therefore computer algorithms. rely on
two basic variables. aepth and time. As more information becomes available, indiviaualized
comouters may be cieveloped that consider more variables. such as water temperature,
pnysiological makeup of the user, and exertion during exposure.

A decompression computer may ultimately be developed that will monitor the body
for decompression stress instead of using a model to predict the development of
decompression sickness Such a device might monitor the amount o nitrogen inhaled and
exnaiec' by the aiver Dive. s would then Oe aware of .heir absorbeo nitrogen levels during
aecompression

Many other solutions will be developed, but much research must be done in the
field of decompression before such devices can become a reality.

SUMMARY

The potential applications of decompression computers cover the entire range of
pressures mankind experiences. These computers are more versatile than traditionally used
standard tables. They permit the performance of multi � level dive profiles that are often
mor e cost effective than standard square � wave profiles. They also eliminate the task of

omputing decompression status. which frees the diver to concentrate on the dive
oblective.

Regardiess of the future applications or designs of decompression comouters, the
user wii! continue to oe resoonsible for his/her own safety A device "an oroviae tne user
with a wiae anae of information How tne user utiizes that information is uO tO the uSer

alone. A aecompression computer is no substitute 'or comprenensive train ng anc
~nowiedge of the potentially dangerous under water envir onment The user mist aiso oe
awaie that there is aiways the possibility of mechanical or electrical aiiure. so it is prudent
to carrv seconaary or back-up instrumentation

The future of oecompression computers in diving appears to be secure Smaller
decompression computers, well designed and constructec and incorporating properly tested
decompression algorithms, should continue to evolve as orimary instrumentation for divers.
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APPENDIX A

1937 U.S. NAVY AIR DECOMPRESSION TABLES



: ABI:S

Ascent Rate
"5 ft. Per V~nute

Stops  feet and minutes!

Feet
90

Feet
80

Feet
60

Feet
70

Feet
50

Feet
40

Feet
30

Feer.
20

F eer.
10

40 120
40 180

t ~ 24040
40

78150
50 120
50 150
50 t.' 190 12
50 12 12 15

55
60 75
60 110 13 13 16

t.' 150 15 20
60 180 16 23 2/

30210 18 26
4370

70 601
70 75 13 13 17
70 90 16 20

t.' 12070 1613 29 33
70 150 2118
70 180 3221 53

3580
80 50 10
80 70 16 22 2/
80 20 36 41

115 2622 48 53
80 150 2928
90 30
90 10

60 I90 16 25 30
90 75 32 3/1418

2 i 2790 95 21 5650
9, 2713090 29 65 71

25 I
100 40 ' 12 12 17

60 18 16 34 39
75 2127 o3

6 i 28t. ~ 85 21 55 61
8: 2790 6559

28120 48 99
110 20

12 1712
110 55 22 21 43 49
110 75 27 3714 78 84
110 22105 29 50 103 110
120

'These are the optimum exposure times for each depth which represent the best balance between length of
work period and amount of useful work for the average diver Exposure beyond these times is permitted
only under special conditions.

72

Depth
of

dive
 feet!

Time on
bottom

 minutes!

93 ' S XA'.'Y S ' ~.Z "~Z '.I, ~=-COMPRESSION

Sum of
times at
various

stops
 minutes !

Approximate
total de-

compression
time

 minutes!



1cI37 ' '.S NAVY S ANDARD AIR DECOMPcI:SSIGN ABi=S
Ascent Rate
25 ft. Per Minute

Stops  feet and minutes!

Feet
90

Feet Feet
40 30

Feet Feet
80 70

Feet
50

Feet
60

Feet
20

Feet
10

30120
3918120 45
7313 28 32120 80

5 22 27 123120 130
15130
35 26 32130 15
52 69

130 28
9 22 2890130 128 136

15140 10
29140

5 27
15 28

6745 59140 27
32140 75 8255

13714 22140 145
15150

150 21 41
6530150 2881 58

5015 28 76
18 23 3280 69150 150141

160 15
34160 6328 5527

96160 8817 28
3419 2 68 147 15675

170 15 18
30170 5924 5127

170 9340 19 28
9 19 23 38

102
1676875 157

3315185 2525
26 7037 61185 24

10235 93185 4619 28
18 I 23 37 65185 65 22321218 51

3215 41
23 696023 37
35 96 1064622 28
60 5 I 18 22918 i 23 21765 5137

210 353515 44
210 30 16 1004028 89
210 23118 18 23 3755 21865 51

51225 3515
225 14313127 22 26 35 48
225 23 47 28018 26718 83
250 543715 17
250 Opt. ' 23 26

29 49
13725 15035 51

30314 17 19 28865 83
12 70573720

23 2620 15935 51
31 49 31545 14 29815 17 18 65

'These are the optimum exposure times for each depth which represent the best balance between length of
work period and amount of useful work for the average diver. Exposure beyond these times is permitted
only under special conditions. 73

Depth
of

dive
 feet!

Time on
bottom

 minutes!

Sum of
times at
various

stops
 minutes!

Approximate
total de-

compression
time

 minutes !
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TABLE B-1

U.S. NAVY NO-DECOMPRESSION LIMITS AND REPETITIVE GROUP DESIGNATION TABLE

FOR NO-DECOMPRESSION AIR DIVES

No-Decom-

pression Group Designation
Depth Limits
 f eet!  min! A 8 C D E F G H I J K I. IVI N 0

245 315

170 205 250 310

120 140 160 190 220 270 310
100 110 130 150 170 200

70 80 90 100

55 60

45 50

40

75

10

15

20

25

30

35

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

310

200

100

60

50

40

30

25

20

15

10

10

5 5 5 5 5

60 120 210 300

35 70 110 160

25 50 75 100

20 35 55 75

15 30 45 60

5 15 25 40

5 15 25 30

10 15 25

10 15 20

5 10 15

5 10 15

5 10 12

5 7 10

5 10

5 10

5 8

5 7

5

5 5
5 5

225 350

135 180

100 125

75 95

50 60

40 50

30 40

25 30

20 30

20 25

15 20

15 20

13 15

12 15

10

10

240 325

160 195

120 145

80 100

70 80

50 60

40 50

35 40

30 35

25 30

22 25

20



TABLE B-2

U.S. NAVY SURFACE INTERVAL AND RESIDUAL NITROGEN TIME TABLES
FOR REPETITIVE AIR DIVES

0:10
1:39
1:10
2:38
1:58
3:22
2:29
3:57
2:59
4:25
3:21
4:49
3:44
5:12
4:03
5:40

gC

g'b
gC

~8

~6
~8

I

F

0:10
0:40
0:37
1:06
1:00
1:29
1:20
1:47
1:36
2:03

0:10
0:45
0:41
1:15
1:07
1:41
1:30
2:02
1:48
2:20
2:04
2:38

H 0:10
0:36

0:10 0 34
0:33 0:59
0:32 0:55
0 54 1:19
0:50 1:12
1:11 1:35
1:05 1:26
1:25 1:49
1:19 1 40
1:39 2:05
1:31 1:54
1:53 2:18
1:44 2:05
2:04 2:29
1:56 2:18
2:17 242

I H

,~Q
gC

~gQ
0:10
0:28
0:27
0:45
0:43
0:59
0:55
1:11
1:08
1:24
1:19
1:36

K

3:22 4:20 5:49 8:59
5:48
4:36
6:02
4:50
6:18
5:04
6:32
5:17
6:44
5:28

8:5812:00
6:03 9:13
9:1212:00
6:19 9:29
9:28 12:00
6:33 9:44
9:4312:00
6:45 9:55
9:54 12:00
6:57 10:06

4:19
3:37
4:35
3:53
4:49
4:05
5:03
4:18
5:16
4:30
5:27

D

0:10
0:26
0:26
0:42
0:40
0:54
0:52
1:07
1:03
1:18

i.

1:50
2:19

2:20
2:53

L

IN 0:10
0:25

N 0:10 0;25
0:24 0:39

0:10 0:24 0:37
0:23 0:36 0:5 1
0:23 0:35 0:49
0:34 0:48 1:02

D N Ni

2:06 2:35
2:34 3:08
2:19 2 48
2:47 3:22
2:30 3:00
2:59 3:33
2:43 3:11
3;10 3:45

G F

Z 0:10
0:22

New --> Z

Group
Designation

6:56 10:0512:00
C 8 A

RESIDUAL NITROGEN TIMES  MINUTES!

76

Repetitive
Dive

Depth
40 257
50 169
60 122
70 100
80 84
90 73

100 64
110 57
120 52
130 46
140 42
150 40
160 37
170 35
180 32
190 31

241 213
160 142
117 107
96 87
80 73
70 64
62 57
55 51
50 46
44 40
40 38
38 35
36 33
34 31
31 29
30 28

187
124

97
80
68
58
52
47
43
38
35
32
31
29
27
26

161
111
88
72
61
53
48
42
39
35
32
30
28
26
25
24

138
99
79
64
54
47
43
38
35
31
29
27
26
24
22
21

0:10
0:31
0:29
0:49
0:46
1:04
1:00
1:18
1:12
1:30
1:25
1:43
1:37
1:55

J

116
87
70
57
43
43
38
34
32
28
26
24
23
22
20
19

101
76
61
50
43
38
34
31
28
25
23
22
20
19
18
17

87
66
52
43
38
33
30
27
25
22
20
19
18
17
16
15

73
56
44
37
32
29
26
24
21
19
18
17
16
15
14
13

61
47
36
31
28
24
22
20
18
16
15
14
13
13
12
11

D

0:10
0:54
0:46
1:29
1:16
1:59
1:42
2:23
2:03
2:44
2:21
3:04
2:39
3:21
2:54
3:36
3:09
3:52
3:23
4:04
3:34
4:17
3:46
4:29

E

49
38
30
26
23
20
18
16
15
13
12
12
ll
10
10
10

C

0:10
1:09
0:55
1:57
1:30
2:28
2:00
2:58
2:24
3:20
2:45
3:43
3:05
4:02

37
29
24
20
18
16
14
13
12
11

10 9
9
8

8 8

25
21
17
15
13
11
10

10 9

8 7 7
6 6 6
6

A 0:10
12:00

0:10 2:11
2:10 12:00
1:40 2:50
2:49 12:00
2:39 5:49
5:48 12:00
3:23 6:33
6:3212:00
3:58 7:06
7:0512:00
4:26 7:36
7:35 12:00
4:50 8:00
7:59 12:00
5:13 8:22
8:2112:00
5:41 8:41
8:40 12:00

17
13
11

9

8 7 7
6

6 6
5
5
4

4 4 4



TABLE B-3

NAVY STANDARD AIR DECOMPRESSION TABLEU.S.

BOTTOM TII'v1E TO DECOMPRESSION STOPS Ifsw!
TIME i!RST STOP

Imin! Imin:sec! 50 40 30 20 10

TOTAL

ASCENT

Imin:sec!

DEPTH

If sw!
REPETI-

TIVE

GROUP

40
0:30

0:30

0:30

0:30

0:30

0:30

50

60

20 119

70

~ Exceptional Exposure Dive � No Repetitive Dive Allowed

77

200

210

230

250

270

300

360

100

110

120

140

160

180

200

220

240

60

70

80

100

120

140

160

180

200

240

360

50

60

70

80

90

100
t 0

120

130

140

150

160

170

0:40

0:40

0:40

0:40

0:40

0:40

0:40

0:40

0:50

0:50

0:50

0:50

0:50

0:50

0:50

0:40

0:40
0:40

1:00

1:00

1:00

1:00

1:00

0:50

0:50

0:50

0:50

0:50

0:50

0:50

2

4 6
8 9

13

19

0

2 7
11

15

19

23

0

3 5
10

21

29

35

40

47

0

2 7
14

26

39

48

56

69

79

0

8

14

18

23

33

41

47

52

56

61

72

79

0:40
2:40

7:40

11:40

15:40

19:40

23:40

0:50

3:50
5:50

10:50
21:50
29:50

35:50

40:50

47:50

1:00

3:00

8:00

15:00

27:00

40:00
49:00
57:00

71:00

82:00

140:00

1:10

9:10

15:10

19:10

24:10

34:10

44:10

52:10

59:10

65:10

71:10

86:10

99:10

L L
M

M 0 0
2

2

J

K L
M N

0 2 2 2

J

K L

M N
0 0 0 2
2

2

2



TABLE 8-3  cont.!

U.S. NAVY STANDARD AIR DECOMPRESSION TABLE

TOTAL

ASCENT

 min:sec!

BOTTOM TIME TO DECOMPRESSION STOPS
TIME FIRST STOP

 min!  min sec! 50 40 30 20

DEPTH

Ifswi
if swi

10

REP ETI-

TIVE

GROUP

80

6

29

90

7

13

18

21

24

32

36

'1 00

3 7
10

12

1 29

14 42

2 42 73

» Exceptional Exposure Dive � No Repetitive Dive Allowed

78

40
50

60

70

80

90

100

110

120

130

140

150

180

240

360

30

40

50

60

70

80

90

100

110

120

130

25

30

40

50

60

70

80

90

100

110

120

180

240

360

1:10

1:10

1:10

1:00

1:00

1:00

1:00

1:00

1:00

1:00

1:00

1:00

0:50

0:50

1:20

1:20

1:20

1:10

1:10

1:10

1:10

1:10

1:10

1:00

1:30

1:30

1:20

1:20

1:20

1:20

1:10

1:10

1:10

1:10

1:00

1:00

0:50

2 7
11

13

17

19

26

32

35

52

90

2 9
17

23

23

23

34

41

53

84

111

0
10

17

23

31

39

46

53

56

63

69

77

85

120

160

0
7

18

25

30

40

48

54

61

68
74

0

3

15

24

28

39

48

57

66

72

78

118

142

187

1:20
11:20

18:20

24:20

34:20

47:20

58:20

67:20

74:20

83:20

96:20

110:20

121:20

179:2D

280:20

1:30

8:30

19:30

26:30

38:30

54:30

67:30

76:30

86:30

101:30

116:3D

1:40

4:40

16:40

27:40

38:40

57:40

72:40

84:40

97:40

117:40

132:40

202:40

283:40

416:40

K L

M N N 0
0 2 2 2 2

H J
L

M N

N 0 2 2 2
2
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S'~~ 'SS DECOiViiRESSiON iABL: � CIF,X ~'i'O'- Ai T9- :S~RFAC=

Repetitive group at the end of the 'nterval at the surface

c a Il 0

80

Duration of the intervals in minutes, for group "0", in hours. This
table is valid for up to 3500 m above sea level.



S'.'i'ISS 'iViE S JP=LEIViEN ' S .=BR RE?Eilil'~'E OiVES

450 300 240 180 160 140 120 110 100 90 80 75 75 c5 60 60

43C 270 200 150 i00 '.00 90 75 70 65 55 55 50 50 45 40

410 220 150 1CO 80 75 70 60 55 50 40 40 40 40 3c 35

300 150 100 90 75 60 55 50 50 45 35 35 30 25 25 25

145 115 80 65 55 45 40 35 30 25 25 23 23 20 20 18

115 100 57 60 50 40 35 30 25 23 20 18 17 'c ',5 14

30 25 23 22 20 18 16 14 'i2 ;1 1090 75 45 40 35

70 50 35 30 25 23 20 18 17 16 15 14 12 10 9 8

45 30 25 20 20 20 18 16 14 12 10 10 9 8 7 7

30 25 20 18 15 12 10 10 9 8 7 7 6 6 5 5

20 18 15 14 12 10 9 7 6 6 6 6 5 5

The time supplements are valid for up to 3500 m above sea level.

81

crepe- Depth atta'ned in the repetitive dives  m!
titive

Group 9 12 15 ;8 21 24 27 30 33 36 39 42 45 48 =1 54



Bottom Time to Decompression stops
time first stop m min
min min:sec

Depth
tl

Total Repet-
ascent i t iv

time Group
.tt1n . sec24 21 18 15 12 9 6

300 00

120

150

180

210

240

270

300

10

50
QQ

50

50

50

50

2

9

14

18

24

29

34

50

50

50

50

50

50

9
14

18

24

29

34

10

10

10

10

10

50

50

50

6

20

25

31

38

43

46

49

82

75

90

120

140

160

180

200

220

240

53

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

30

30

30

3Q

30

10

10
1 Q

10

10

10

10

10

10

10

S'.'/ISS AIR DECGMPR SSIGK iABI E

IQ-700 m aoove sea ievel,

t

3
7

. 10

13

15
1 7

19

20

21

4 9
16

23

28

31

33

35

38

41

44

46

48

50

52

1

7

21

26

32

39

45

51

55

1

5

10

17

24

29

33

37

43

49

55

60

64

68
71

74

30

10

10

10

10

10

50

50

50

50

30

30

30

30

30

10

10

10

10

10

10

10

10

10

10

G

G G H
H H J
K



-2I = C-3 /c n

S'i'"'ISS AII DFCClv1PR=SSIO!U iAa =

/0 � 700 ~ aoove sea level'

Bottom .ime to Decompression stops
time :i=st s op m min
min m'n:sec

Depth
m

~cta Repet-
'.' ve

GL o o

ascent

24 2; 18 15;2 9 6 sec

21

G

G G

24

G

G G3

8

13

18

1 24

4 26

27

F

G G
1

4

10

1 16

21

8 25

30 D

G G
2 5

1 10

3 16

7 21

35
50

60

70

80

90

100

110

120

130

140

25

40

50

60

70

80

90

100

110

22

30

40

50

60

70

80

90

20

25

30

40

50

60

70

50

50

50

30

30

30

30

30

30

30

10

10

50

50

50

50

30

30

20

10
1 0

10

50

50

oQ

40

20

20

10

10

10

3
7

10
1 5

20

23

26

6

3

23

3

36

39

43

46

6

15

23

29

32

33

38

43

4

12

22

28

32

3 39

4 6
16

26

31

34

/

24

32
o

52

60

6/

/ 3

2

8
1 7

27

38

46

52

64

74

2 6
15

28

40

50

60

/3

3 6
10

23

39

52

64

'. 0

50

50

30

3Q

30 0
30

70 0

30

10

10

50

50

50
QQ

30

30

40

20

10

10

10

50

50

50

00

40

20

20

10

10

10



v

S v'JISS Alr=. ~ECDIVIPR=SSIGN

 Q-7CQ ... above sea lev I.

Depth Bottom ,ime to
mi me; ."st stop

m' n min:sec

Repet-
've

G"ou~

m~ v'CC

escen

m' ..: sec

33

2

2

8 20

2 13 25

G

G

36

G

G

39

2 4

3 6

2 6 13

4 10 20

42

45

3 4

2 3 6

3 5 10

2 5 9 18

I 7

25

30

40

50

60

70

15

20

25

30

40
QQ

60

12

15

20

25

30

40

50

10

15

20

2 M
70

40

50

10

15

20

25

30

40

40

40

20

20

20

10

00

00

40

40

20

20

40

20

00

00

40

40

40

20

20

00

40

40

10

50

40

20

20

00

Decompression stops
m min

24 2 1i 18 15 12

o

4 10

8 16

12 23

2
1 4

3 o

8
8 '.6

13 24

6
10

2 2

30

J
"< C

7

14

26

33

37

4 6
11

17

29

33

4
7

1 4

22
"' 1

/

2 5
10

17

25

34

3
10

33

50

63

o

23

4 2

60
78

3
7

12

20

29

52

69

4

9
15

25

38

84

6
11

20

31

46

71

20

40

0

20

20

20

0

40

00

Q

4Q

40

20

20

50

40

20

00

00

40

40

10

40

20

20

00

40

40

10

50

40

20

20

00

D F.
F

G G G H
D

G G
G

F

G G H



S'.',"~S ~I~ ZEGZIVFRESSION i~2' =

0-7"" m a"ave sea level,

QeDth Bottom Time :" Decomoress;on stocIs Tote

ascentm t me
m'n time

3 min: se

min:se
Q 1 5 1

48

G G

< rV51 1 4

2 4 7

2 4 5 15

4 5 9 25

3 4 7 15 30

4 5 10 20 33

G G G

54 2 5

3 4 8

3 4 6 18

3 3 6 12 27

2 3 5 8 17 32
G G G

57 3 5
4 4 11

4 8 22

6 15 29

9 20 33

G G

60 1 Q

85

10

15

20

25

30

35

40

10

15

2Q

25

30

35

10

15

20

25

30

10

15

20

25

30

10

15

20

25

30

4 30

3 50
3 -"0

3 40

3 20

3 20

3 00

4 30

4 10

3 50

3 40

3 40

3 20

4 50

4 30

4 10

3 50

3 40

5 10

4 30

4 10

3 50

3 50

5G

3C

4 10

3 50

3

2 3

3 4

1 3 6

1

2 3

1 3 4

3 3 6

2

3 3

2 4 4

2 3 4 5

3 5

8

6 13

8 17

12 22

I

5

8 16

12 22

5
1 3

21

28

32

34

5

13

25

31

35

8 30

13 50

2 5
39 ='0

5

67 2C

81 CC

7 . rI

2 a

47 U

62 40

76 20

11 0

19 30

35 10

54 50

70 40

13 10

24 30

43 10

61 50

77 3IJ

28 5C
na <<

69 0

88 50



.ime :o
s s op

Deotn Bottom
'me

~ otal

a sc en

Repet�

Gr ou"ml n .�..e

.,' -.: sec

180 00

! 2

15

18

3

13

21

""0

IGG

110

120

130

140

150

63

70

80

90

100

110

120

43

50

60

70

80

90

100

110

120

3G

Q

50

60

70

80

90

100

110

GO

00

00

00

00

00

10

10

10

10

10

10

40

40

40

40

20
2 n

20

20

50

50

40

40
4Q

40

30

30

S'vU'SS AIR DECCIVPRESSICIf.' i~BI 5

i 700-1 BOG m aoove sea level!

Deccmpression stops
m min

'8 15 12 9 6

1

5
cj

14

6 17

6 19

2 6
10

13

15

17

4 9
15

20

24

27

2 9
17

24

27

30

31

33

3

11

2G

25

29

30

32

36

7

11

'. 6

1! 8

1

.0

21

25

28

1

3

10

18

25

31

36
41

47

2
1'T

12

22

45

56

62

1 0

00

00

00

QG

00

00

30

10

10

10

10

10

10

50

40

40

40

40

20

20

20

20

t n

50

50

40
4Q

4Q

40

30

30

G

G

G G G G

G

G G

G G H

F

G G

G G H

G

G G H
H H
H



Deptn Bottom Time to Decompression stops
m time ~inst stc ., min

min min:sec

Total

ascent
Repet-
1 t i Vp

.'me G=oi"

m n8 5 12 9 6 sec

2 10

2. 10

2 00

00 G G00

50

50

50

30

27

F

G G
G

30

G

G G

33

G G
G H

25

30

35

40

50

60

70

80

90

100

18

25

30

35

40

50

60
70

80

16

20

25

30

35

40

50

60

14

2 0

25

30

35

40

50

60

30

20

20

20

10

10

50

50

50

40

40

20

20

10

10

50

40

40

20

20

20

20

S '. SS A,~ DEGOMPFESSIOXi TABLE

7CC � '5CC ~ above sea levels

1

3

8

2 12

6 15

10 18

2 12 20

1

2 3
2 7

5 11

1 9 15

4 11 19

1

3
1 4

2 6

10

9;4

1 3

2 4

1 3 5

2 4 7

4 7 12

8 11 18

3 5
9

18

25

29

30

34

39

3 5
10

14

24

29

30

35

3

5

8
14

19

Z i

30

4 6
12

18

24

30

32

2 5
7

12

23

35

44

52

63
74

2 5
8

14

19

35
47

56
70

3

5

8

13

21

29

45

oB

3
I

12

20

29

39

55

71

20

10

10

00
n 0

00

50

50

50

30

20

30

20

20

20

10

10

50

50

00

50

40

40

20

20

10
'. 0

20

50

40

40

20

20

20

20



Depth Bottom .ime to Decompression stops
m time zirst stop m min

min min:sec
'.8 15 12 9 6

.ota'

ascent

Repet-
itive
G o L.'p~ mie

' 1 n

36

G G G G
39

G

G G H

45

G G

48

11

15

20

25

30

35

40

50

10

15

20

25

30

35

40

50

15

20

25

30

35

40

10

15

20

25

30

35

10

15

20

25

30

40

20

10

00

40
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BRITISH  RNPL! DECOMPRESSION TABLES
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AIR DIVING TABLES 1972
INTRODUCTION
As a result of testing present RN and otr,er air decompression tables at depths in excess of 30m
�00 l!1 anc for bottom times in excess cf 15 minutes, it has been realised that these schedules yield
a higher numoer of bends than;s desire ie.,r some instances over 20% in a grouo of healthy young
civers. Selection of resistant men couic recuce;h;s value. out there is no method of doing this otner
than in retrospect. Further. there is consioerable evidence that whereas some men are resistant for
long dives at shallow depths. this may not be true when the diving changes to short dives at deep
depths. The desirable solution to the problem in the light of these unresolved complexities is to
evolve decornpressoin schedules which markedly reduce the overall bends incidence.
1. Caisson and tunnel work in comoressed air nas encountered similar difficulties and minor
modifications of their schedules have flailed to influence the situation. Accordingly, entirely new
decompression procedures were reques ed from the Royal Naval Physiological Laboratory. These
tables have been called "The Blackpool Trial Tables" because they were first tested on compressed
air work at Blackpool in 1966. A certificate of exemption from the table printed in the statutory
instrument  The Work in Compressed Air Special Regulations 1958! to enable contractors legally to
employ these new Tables is readily granted on request by HM Factory Inspectorate, and all major
compressed air work in this country. since their introduction. has been carried out using them. Over
50.000 entries into compressed air in caissons and tunnels have been made at pressures in excess
of 10m �0 ft! of sea water. including some workino times in excess of 8 hours at pressures of nearly
30m �00 ft! of sea water. To date there have been no fatalities, only few cases of serious acute
decompression sickness and a low incidence of bends.

Further, as regards bone necrosis. it has been established. after approximately 6 years of usage,
that no cases of bone necrosis sufficiently serious to require surgical intervention have occurred,
and that the incidence of radiologically detectable bone lesions has been reduced. Thus. by adopting
a more conservative decompression schedule there is a goocl basis for believing that diving may be
conducted more safely and for longer periods and at greater depths than hitherto. The new Air
Diving Tables as given in Table 1 have been calculated on exactly the same principles as those of the
Blackpool TrialTables.
2. However, experience gained with the Air Diving Tables �968! issued via Construction industries
Research and Information Association and tested by Royal Navy Divers, has confirmed beyond
doubt that the no-stop dives currently available in the RN Diving Manual  BR 2806! are adequately
safe, and that the modifications proposed in the Air Diving Tables 1968 were slightly over-cautious.
Accordingly. a return has been made to these old established no-stop dive times.
3. Further, although tests at sea by Royal Navy Divers revealed that such dives as 1 hour at 60 rn
�00 ft! could be performed without even minor occurrences of decompression sickness, there were
indications in subsequent laboratory testing, that some sensitive persons would not escape ill-effects.
4. It was proposed therefore to alter the decompression requirement for this dive and others in the
Air Diving Tables 1968 of similar severity, but. a worldwide survey of air diving by military, commercial
and sporting organisations, showed that such dives as 1 hour at 60 m breathing air were never used.
Clearly, therefore, there seemed little point in attempting minor modifications to schedules that
would never be used in the foreseeable future,

Consequently, the limits of deoth and time giver, in Tacie 1 represent what is considered to be
normal usage olus allowance for any er.,ergencies or unusual commitments that may occur on rare
occasions. These Tables have now beer tested ever a rar,ge of pressures. times. water conditions
and numoers of different men necessary to establish:heir reliability, It is now completely certain that
the new Tables will be less liable to provoke attacks of de ompression sickness than those currently
is use. However, there is always a small number of seemingly unavoidable incidents which occur
following the use of even extremely well established procedures, No relaxation ot recognised safe
practices is permissible,

101



USING THE TABLES
Notes

1. The bottom ime is taken as the '.ime between leaving the surface and leaving the bottom.
2. "Ii descer,;s;o eoth are to be;=; faster -;nan 30 metreslmin.
3. Ail ascents are =-t 15 metreslmin

4. All;im spent ascending from one sto- to another � including from deoth to the firs, s o � s
included in the stco time. The final "ressure cnange from 5 metres to the sur ace. which takes 20 secs.
is also included in the final stop time.
5. Air and pure oxygen decompression commences for any dive where decompression time on air
alone would exceed 31 minutes. Such dives are indicated below the double black line crawn in;he
:ables.

S. If pure oxygen is not available or in case of emergency multiply the oxygen stop time by 2 and add
to the air stop time  if any! to give '.ne equivalent air decompression stop time.
7. Ascent to the first stop must always be on air.

DOUBLE DIVES

For reaular diving no more than 9 nours in any period of 24 hours must be spent under pressure
 bottom times plus decompression times!.
2. If the surface interval between two dives is 2 hours or less, add the bottom times of the two dives
together. and decompress for this bottom time at the deeper of the two dive depths.
3. If the surface interval between two dives is greater than 2 hours but less than 4 hours. add one
half of the bottom time of the first dive to the bottom time of the second dive, and decompress for
this bottom time, and the deeper of the two dive depths.
4. If the surface interval is grearer;han 4 hours but less than 8 hours add one quarter of the bot.om
time of the first dive to the bottom time of the second dive. and decompress for this bottom time. and
the deeper of the two dive depths.
5. If the surface interval is greater than 8 hours but less than 16 hours add one eigth of the bottom
time of the first dive to the bottom time of the second dive, and decompress for this botom time, ana
the deeper of the twc dive depths.
6. After a 16 hours surface interval the diver need not take any account of the previous dive.
7. If both dives are at depths less than 40 m and above the double black line in Table I then the
above rules can be amended to state that if the surface interval is greeter than 4 hours but less than
6 hours then add one quarter of the bottom time of the first dive to the bottom time of the second dive
and decompress for this bottom time and the deeper of the two dive depths. After a 6 hours surface
interval the diver need not take any account of the previous dive.
8. If the second dive does not exceed a depth of 9 metres then it is safe to surface from this secona
dive without stoppages.

SURFACE DECOMPRESSION
No attempt must be made to use this method unless a well-drilled and experienced team is available.
1. Rate of Ascent in the Water. 1 5 m per minute.
2. Chamber Pressure. Irnrnediately the diver surfaces he is assisted into a pressure chamber ar d
this chamber is tnen pressurised o the air pressure equivalent to the maximum depth of the dive
The time from commencing ascent;n the water to arriving at this maximum pressure in the cnar�"er
must not exceed 5 minutes. and the iver is kept at this pressure for 5 minutes. afier whicl the pressure
in the chamber is reduced in accorcance ~ith the decompression tables.
3. Decompression. An extra 10 minutes must always be added to the actual bottom time of the
dive and the total combined bosom time thus obtained is used to determine the decompression
required. This total combined bottom time snould never exceed the last entry in the table.
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DECOMPRESSION � FLYING RESTRICTIONS
It is inadvisable to fiy above 600 m  approx 2000 ft! in any aircraft within 24 h of completing a dive,

A period of 2 h should elapse between diving operations and flyir,g in a pressurised aircraft, if
dives were carried out with no stops. and a period of 24 h if dives were carried out with stops.

lf flying following diving operations is essential, then the following ruies will minimise the risk.

Time interval between
diving and flying

Max altitude  or effective
altitude in pressurised

aircraft!
Type of dive

300 m  approx 1000 ft!
 eg Helicopter!

1500 m  approx 5000 ft!
5000 rn  approx 16 500 ft!

300 m  approx 1000 ft!
 eg Helicopter!

1500 m  approx 5000 ft!
5000 m  approx 16 500 ft!

Requiring no stops Upto1 h

1 to2h
Over 2 h
Upto4hRequiring stops

4to8h
8 to 24h

NOTE: Commercial aircraft normally fly at an effective cabin altitude of 1 500 � 3000 m.
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DIVING AT ALTITUDE
lf a diving operatior is carried out at altitude  eg in a mountain lake! adjustments should oe macle to
ihe cecomoression schedules to compensate for the surface pressure oeing less than 1 bar �
a:rncschere Ac us;mer ts snouic be mace as follows:
1. ' i:i; ces =i ess:nan 1 GO n;  aoorox 300 it! � no ad~ustmenl.
2. Dives between aitituces of 100 anc 300 m  approx 3CO anc 10GC t! � acc one qual ier of tne
cepth to give tne cepth of dive.
3. Dives between altitudes of 300 and 2000 rn  approx 1000 and 6500 ft! � add one thi;d of the
depth to give '.he depth of dive
4. Dives between aitituces cf 2000 and 3000 m  aoprox 6500 and 10 GOQ ft! � adc one naif of;he
depth to give tne cepth of dive.
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DCIEM 1983 AIR D~G TABLE 1  FEET!
ST%M! ARD AIR

Bottom

Time

 min!

Depth Deco m.

Time

 min!

Repet.

Dive

Group
 fsw!

30wO QO 10

50

3

6

12
18
2q

3

6

12
18
24

60

118

0
30

40
50

60
70
80

100

120
130
140

150
160
170

180
200

2M
240

260

280

10

20
30
35

40

50

60
80
90

100

110
12D

130
140
150

160
1TO
180

190

210

220
230
240

Stop Times  min! at Different Depths  fsw!

3 3

5 5
11
15
19

23
27

29
33
38
43
53
63

74

86
97

3 5 T
1D

19
2$

32
37

43
49
55

62

70
TT

85
90
QS

102

108
114

29
33
38
43
53

63
74

86
QT

3 5 7
10

19
26
32
39

45
52
58

66
74
82
90

101
111
121

131
141

h C

D E F
G

G I
K L
M

h 8

D D E F
G I
J

K L
M



DCIE'vf IQ83 AlR DIVING TABLE 1  FEET!
STA %DARD AIR

Repet.

Dive

Group I

Deco m.

Time

 min!

Bottom

Time

 min!

Depth

 fsw!

70

2 3 5 6

80

119

IQ

20

30

40

50

60
tQ

80

90

100

110

1 0

130

140

150

160

170

180

190

200

10

15

19

25

30

40

50

55

60

S5

70

T5

80

85

QO

95

100

110

1 0

130

140

150

160

2 3 3 5 5 8

T 8 9
11

17

22

2T

31

38
39

2 5
8

7 8 9 9
10

11

11

10

14
"0

"9

35

40

8

10

11

19

27

34

41

48

58

S5

74

81

89

QS

107

115

123

8 8
10

12

17

22

27

31

35

40

44

48

53

58

68

78

87

98

109
1 0

8

10

13

31

39

47

55

64

85

98

111

125

138

151

184

8 8
12

18

34

39

49

54

59

64
QQ

83

QQ

115

132

149

1SB

A C

D D F
G H J
K

M

A C

D E F
G H I
J J
K L



DCIEM 1983 AIR DIVING TABLE 1  FEET!
STAiVDARD AIR '

Stop Times  rain! at DlITerent Depths  fsw!Bottom

Time

 min!

Depth Deco m.

Time

 min!

Re pet.
Dive

Group
 fsw!

60 50 30TO 40 10

90

3

6

j

9

10 9
37

42
47

53

59
62

68
w3

87

101

43
48

55
59
65
71

79
87

Q5
I H

112

120

10

15
20

30
40
<5

50

55
60

65
70
75

80
85
90

95
100
110

120

5
10

12

15
20

25
30
35
.40
45
50
55

60

65
70

75
80
85
90
95

100

105
110

9 9
10

10
11
15

18

21
na

33

9

10
10

15

18
22
25

29
32
36

39

6 9
11
16

21
27

32

5 9
10
10
ll
18
25
30
3T

6
12
17
n3

30
37
43

49

55
61

68
T5
83

92
101

121

142

5 9
13
16
IQ
27
36
43

51

58
65
+3

82

92

103

II%
12T

13Q

152
Ia~

A C D F
H I
J

K L

A B
C

D E F
G H I
J

K L



DCIEM 1983 AIR DIVING TABLE 1  FEET!
STANDARD AIR

Stop Times  min! at DIIferent Depths  fsw!Depth Bot tom

Time

  min!

Deco m.

Time

 min!

Repet.

Dive

G roup
 fsw!

60 50~ Q 40 30 10

110

53

58

64

73

81

91

101

ill

120

129

136

12D

54
61

70

80

Ql

103

114

124

134

142

210

121

5

11

15

30

35
40
45
50

55

60

65
%0

75

80
85

90

95

100

10S

110

5 9
10
15

20

25
30
35

40
45
50

55

60

65

70

75

80

SS

90
Q5

100

5 6 7 7 6 6 7 7
7 7

7 8 8 8 8 8 9 9
10

13

16

7 8 8 9 9
9

10

14

16

0

ll

16

20

23

28

32

35

40

44

46

50

6 9 7 9 9 9
10

15

19

23

27

32

37

41
44
49

53

9

10

11

19
26

33
39

46

3

10 9
11

17
25
33
41
49

16
"-0

30

39

48
56

64

74

85

96

109
1 "2

137

151

167

181

196

210

3

10

15

20

29
40
50

60
e0

81

94

108

123

140

158

175

1Q2

h C
D F

G H I
J

K

M

h B
C

D G I
J

K



DCIEM I983 AIR DIVING TABLE 1  FEET!
STANDARD AIR

Stop Times  min! st Different Depths  fsw!Bottom

Time

 min!

Depth Deco m.
Time

 min!

Repet.
Dive

Group
 fsw!

70 3060 40 IO

130

55

S4
75
SS

100

113

125

135

144

S5
78
91

106

120
133
143

151
157

122

5

8
10
15

0

30
35
40
45

50

55
60

S5

70
75

80

85
90

7

10
15

20
25

30
35
40
45

50
55
60
65
~ 0

75
80
85
90

8

8 8
9 9

11
15

18
22

8 9 9
11
15

18
21

30

8

I

8 9
10
10

18

21

28
31
38

40

49

54

8

7 8 9
10
10
17

22
2T

33
38

54

61
SS

5 9
10

12
23
32
40
50

7 9
ll
19

29
39
49
58

5
13

18
I7 4

38
50

81
w3

88
101
118

136

158
176

197

215
234

7
15

22
34
48
81
T3
891

105

125
145
168
191

214
235
255

273

h B
C E

G H J
K

M N

B

D F
G I
K L

0



DCIEM IQS3 AIR DIVING TABLE 1  FEET!
STANDARD AIR

Stop Times  min! at Different Depths  fsw!Depth

 ;sw!

Bottom

Time

 min!

Deco m.

Time

 min!

Repet

Dive

Group60 50TO 30 20 10

150

10
13
17
21
n5

160

170

14
10 n3

SQ35
48

58 98

t23

10

15

30
35
40

45

50
55
60
SS
%0

75
80

6

10

15
20
25
30

35

40
45

50

55
60
85
70

5
10
15
n0

30

35

40

45
50

55
60

65
w0

6 6 7
7 7 8.
8

6 6 7
8 8 8

8

9 9
14
18
22
27

9

10

14
19
n3
nQ

31

8

8 8
9

10
16

22

34
3Q

44
50
58
67

3 7 8
9

10
14

21
28

35
39

45
53
62

5 8
10
11

19

26

34
39

45
54

64

9

10

11
n5

35
46
54

65
TS
94

110
125
139
148

155

9

10

18
30

42
52

S'2

TS
93

112
129
142
152

72
91

lll
129

144

154

160

9

18
n5

43

57

TI

88

107

128

152

178
203
2n8

250

271

12

21
32
51
67

84

104
127

153

183
211
238

263

122
152

183

214
244

2TI

296

B

D F
H
T

K

M 0

B

D G H
K
le

N

B

D

G I
K

M 0



DCIEM 1983 AIR DIVING TABLE 1  FEET!
9 TABARD AIR

Stop Times  min! at DiEerent Depths  fsw! Deco m.

Time

 min!

Repet.

Dive

0 roup

Bottom

Time

 min!

Depth

 fsw! 50 4070 50 30 20 10

180

H J

0

T 8
10

15

9
ll

27

40
53

le

25
48

57

89

190

272

124

5

10
15
20
g5

30

35
40
45

50

50

5
10

15

20
25

30

35

40

45

50

55

5
10
15
20

25
30
35
40
45
50

5 5 5
e

7 T 8
10

5 5
6

7 8 8
10

8 9
14

19
24
29

5 6 7 8 9
12

18

24

28

5 T 8
8 9

15
22
27

24
32
38

45
53
es

8 8 9
11

20

29
36

43

52
es

5 8 9
14
24
34
40
49
e2

56
85

107

12T
144
155

10

13

31
46

58
we

100

123

141
154

4
10

18
36
51

5T
89

115
137

153

114
144
179

213
245

2T6

18
30

55

75

101
13'2

159

mr

242

276

4
20

37
e2

ST
11T
153
195
234



DCIEM 1983 AIR DIVING TABLE 1  FEET!
STA %DARD AIR

Step Times  min! ac Dilferent Depths  fsw!Depth Deco m.

Time

 min!

Bottom

Time

  min!
 fsw! ~ 0 50 40 30 10100

210

220

230

e

T 7
8

10

240

125

5

10

15

~5

30
35
40
45

50

5
10

15
20
25
30
35
40

5

10
15

20
25

30
35
40

5
10

15
20
25
30

35
40

7 5 5
5 T
8 8

13

5

5 8 7 I
8

13

5 5 7 8
9

14
19

27
31

7 5 7
9 9

IT

8

7 T 8
12
20
2T

5 5 8 9
16

30

T

8
10
18

29
36
4e

5T
74

7 8
10
22
33
40
52

T 9
14

25

38
46
81

7 9
17
29
39

52
~ I

8

10

40

55

103
130

149
160

7
10

27

4$
61

87
117

142

8
ll

30
48
SQ

100
131
151

9
11
34

53
78

113
142
159

5

22
43

89
Q7

134
17$

282

301

7

24
50
TT

110
152

47

8

28

56
85

124
IT3
2N
2T2

9

28

51
96

139
195

249
99



DCIEM 1983 AIR DIVING TABLE IS  FEET!
SHORT STANDARD AIR

No Decompression
Bottom Times  min!

Decompression Required
Bottom Times  min!

Depth
 fsw!

120 F

180 H

50 C

90 D 380

50D 1208

30C 60E

20 B 30 D

176 L 205186 190 199

75 G 122 K 127 L

84 J 88 J

96 I 11$ K

80 G 80 I60F

36 E70

26E

20 D90

15 D

12C110

10 C6A120

IOC 13D

QC IID

8C IOD

8B 15F 21 G

14F 18 G

12E 16F

7B

OB

20 fswDeeompremion Time

 minutes!

10

10 fsw 101010

INSTRUCTIONS

1. Descent and ascent rates at 80 fsw/min.
2. Bottom time includes descent time.
3. Decompression stop times include ascent time to that stop.
4. Letter after bottom time gives repetitive dive group.
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1$ B 2$ D

IOA 20D

10 A. 16 C

SA, IOB

6A IOB

40F SOG

2Q F 36 G

23E 27 F

18 D 21 E

16D 18D

12D ISD

e3 I 88 J

48 H 62 I

3$ H 431

29G 3$H

23F 30H

IQF 26G



DCIEM 1983 AIR DIVING TABLE 4
REPETITIVE DIVE FACTORS

Surface Intervals  hr.min!Re peti t l ve

Dive

Group
First Dive

I:30

~ I:59

0:30

0:51

I:00

I:29
2:00

2:51

3:00

3:5Q
4:00

5:59
1:00

I I:5Q

6:00

8:59
I 2:CO
~ 18:00

1.0

1.21.3 1.2 1.0

1.21.3 1.2 1.0

D 1.21.3 1.3 1.0

1.8 1.5 1.3 1.3 1.2

1.31.51.7 1.3

1.7 1.8 1.5 1.3 1.2

1.9 1.7 1.5 1.3

2.0 1.7 1.3

1.9 1.3

2.0 1.7 1.5 1.3 1.2

2.0 1.7 1.8 1.2

1.21.8 1.8

N 1.9 1.21.7

0 2.0 1.7 1.2

INSTRUCTIONS

I. Determine the First Dive Group from the table used.

2. Find the Repetitive Factor  RF! from this table under the appropriate Surface Inter-
val.
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3- Multiply the Bottom Time of the Second Dive by this RF to obtain the Effective Bot-
tom Time  EBT!.

Decompress for the Depth and EBT of the Second Dive.



DCIEM 1983 AIR DIVING TABLE 6  FEET!
DEPTH CORRECTION FOR DIVING AT ALTITUDE

Depth Correction  fsw! at Altitude  feet!

2000 TPPO
 fsw! ~ 7000

+10+10 + IO30 -10 +IP

+10+10 +20+10 +10

-r 10 +20+10+1050 +10 1p

�. 10+10+10 +20Sp

+10+0 �. 30�. 10 +20wp

+10 +30'. 10 ~np -3080

+20+10 +30+10Qp �.40

+20+10 +30+ Ip+0 -'40

+20+10 +20110

+20 +30+30+10 -40120 +0 +30

+40+10+0130 +30

+40+20+10 +30140

+ 20 +40+20 +40+10+10

+30 +40'. 30 +50+40+10160
' 50+50+10 +40+30 0170

+40-', 40+10180

+40 +40+10

+40+40+10

+30+10
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Actual

Depth

190

200

210

220

230

+10

+10

+20

+20

�.10

' 10

+30

+30

+30

0

�.20

+30

+30

+30

+50

+50

0

~90

-20



APPENDIX G

IVILILTI � LEVEL DIVE ANALYSIS PROGRAIVI
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g 4 g * g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g

C

ANAL:S S PROGRAM

KARL:- . HUGGi NS

DEPTH

TIME

PPN2

PO

PT

-99!
-99!
� 9Q!
1 � 6!
1 � 6!

DEP�
TIM  1

PPNA   1
HT 
MO 

TP� � 6, 1-99!

PER� � 6, 1 � 99!

Cggz~gggggggjcggggggggg

C

C C C C

130

C C

C C C
C C

C C C
C C C C C
C C C C C C C
C C C

C C C C C C C C
C r C C C C C

UN'' =-.SI:Y F M:CH:GAN :NDER"ATER :ECHNOLOGY ' AB

THiS PROGRAM IS DESIGNED T COMPUTE ~ HE TISSUE PRESSURES

PRODUCED :N SIX TISSUE GROUPS DURING MU' Ti � LEVEI. DIVES. THE
-NITIAL TI SS"E HA~ F-TIMES AN, MO '," LUES ARE THOSE OF

.!"'.E U.S. NAVY STANDARD A:R DECOMPRESSION MODEL. HOWEVER, THESE
VA UES MAY BE REPLACED BY S:X OTHER HALF-.iMES AND MO VALUES O."

HE USEFcS CHOICE.

THE PROGRAM ASSUMES INS AN.ANIOUS CHANGES IN DEPTH BETWEEN

WO LEVELS. IF THE ASCEN '":. DESCENT RATE IS SUFFICIENTLY SLOW,

THE AVFRAGE DEPTH BETWEEN THE TWO LEVELS AND THE ASCENT OR

DESCENT SHOUI D BE ENTERED. HE . ROGRAM ALLOWS FOR A MAXIMUM O."

99 STE.oS TO BE NTERED. EAC!-.' STEP IS REQUIRED TO BE ENTERED W'-.H
THE DEPTH OF THE STEP, .'HE ME SPENT AT THAT DEPTH, AND THE
PARTIAL PRESSURE OF NITROGEN BEiNG BREATHED AT THAT STEP

THE VARIABI.ES USFD IN .HIS PROGRAM ARE AS FOLLOWS:

PRESENT DEPTH

TIME SPENT AT PRESENT DEPTH

AMBIENT PARTIAL PRESSURE OF NITROGEN

TISSUE NITROGEN PRESSURE PRIOR TO STEP

TISSUE NITROGEN PRESSURE AFTER STEP

ARRAY OF DEPTHS ENTERED

ARRAY OF TIMES ENTERED

ARRAY OF PARTIAI NITROGEN PRESSURES ENTERED

ARRAY OF SIX HALF-TIMES

ARRAY OF SIX MO VALUES CORRESPONDING TO THE
SIX TISSUE HALF-TIMES

ARRAY OF TISSUE PRESSURES PRODUCED IN THE SIX

TISSUE GROUP BY THE STEPS

ARRAY OF THE PERCENTAGE OF THE MO VALUES IN THE

SIX TISSUE GROUPS WHICH CORRESPOND TO THE

PRESSUES :N P� � 6,1 � 99!

REAL MO, DEPTH, TIME, PPN2, PO, PT
DIMENSION DEP  99!, TIM 99!, H"   6!, MO   6!, TP   6, 99!, PER  6, 99!,

1PPNA 99!
INTEGER A, B, F, G, X, Y, ~, N

INITIALI ZE THE SIX TISSUE GROUP HALF-TIMES AND MO VALUES TO THE

U.S. NAVY MODEL

DATA HT, MO/ 5.0, 10.0, 20.0, 40.0, 80.0, 120.0, 104.0, 88.0



1, 72.0, 58.0, 52.0, 51.0 /

�",cc CONTI

C C C i Ni TIAi. ~ ZE SUR: ACE NI TROG N PRESSURE

w v 'z E

0 92

|

S' R" -"C~t OR+

. EG.

FORMAT

PRESSURE ' .. NITROGEN

.3!10 't

C C C SE' ECT BETWEEN THE U.S.

vpE 0 cp

i9C ."ORMAT ' DO YOU WiSH TO USE THE STANDARD NAVY VALUES FOR THE'/
1' TISSUE HALF � TIMES AND Mp VALUES OR DO YOU WISH TO EN.ER'/' C
1.HER VALUES?',''0 NAVY VALUES = 1',.'' OTHER VALUES = 2'!
ACCEPT 091, X

091 FORMAT�I1!
IF  X .EQ. 1! GO TO 098

C C C ENTER NEW HALF-TIME AND Mp VALUES

DO 104 F=1,6
TYPE 102,

102 FORMAT ' ENTER T SSUF HALF-TIME P', 1I 1, ' IN MINUiES AND
1 MAXIMUM'/' PRESSURE ALLOWED IN THE TISSUE GROUP  MC! :N FSW
1 PRESSURE,'/'  EG. 005.0, 104.0!'!

ACCEPT 103, HT F!, Mp F!
103 FORMAT�F5. 1, 2X, 1F5. 1!
104 CONTINUE

098 CONTINUE

C

C C SET FLAG G �-MORE STEPS, 2-END PROFILE! TO

G=1

C C C ENTER DEPTH, TIME, AND PARTIAL PRESSURE OF N2 FOR STEP

9Q

p FOR S. E.

/
106

1F5106

C

C C IF 99 ST PS HAVE BEEN ENTERED WARN USER

IF  X .EQ. 99! TYPE 110

C C C INDICATE IF ANOTHER STEP IS TO BE ADDED

i 31

Cp
  '

1i1
  1�5

DO 109 X= 1

TYPE 10

FORMAT 
IL2

ACC" PT

FORMAT 

AVY VALUES AND ENTER NG NE~ ',A: ES

X.

NTER THE DEPTH ;FSW!, TIME  ~IN' 'ND QQN2
 EG. 10C.C, 00~.0, C.i50!.'!
DEP X!, TIM X.I, voNA X!

.1, 2X, 1F5.1, 2X, 1F5.3!



TYPE 107
FORMAT ' DO YOU WISH TO ADD MORE STEPS.' / 6X, 'YES=1'/ 6X,
'NO=2'!

"'CCEP. 108 G

FORMAT�I1!

10t

C C C G=2 EXIT FROM LOOP AND BEGiN C:MP" iAi IONS

2! GC TO
OF 99 STEPS: �;AS "E:-N .-.:".' CHED

 G
Dlv' '

'i 09 CONTI NUE
CONT' NU"

C C C
C

SET '.G ' �-TISS 'E ?.,ESS' =. S "".'ER ',00,'-. MO DE. C
TISSU: PRESSURES UNDER F00~ CF MO 'v'ALUES! .0 2

2 � A::

Z=2

C C C S T IN TIA' PPESSUR .0 SUR. ACE NI.ROGEN PR=SSURE

P0=33.0+PPN2

C C C COMPUTE THE SIX TI SSUE PR SSURES PRODUCED BY FI RST S i EP

DO 130 Y=1, 6
TP Y,1!=PO+   DEP�! 33.0!+PPNA  1!!-PO!+�.0-EXP   � 0.693',5*

1 M  1!!/HT Y!!!
PER Y,1!= TP Y,1!/MO Y!�100.0
IF  PER Y,1! .GT. 100.0! Z=1

130 CONTINUE

C C C CCOMPUTE THE TISSUE PRESSURES IN THE SIX GROUPS PRODUCED IN STEPS
2 THRU X

C C C NDI CA E NUMBER 0 CCPI ES REQUI RED

TYPE 151
FORMAT ' HOW MANY COPIES OF OUTPUT  UP ,0 9! DO YOU WANT?'!
ACCEPT 152, G
FORMAT�I1!152

C C C PRI NT G COPI ES OF RESULTS

DO 250 N= 1,G
F=O

132

DO 150 F=2,X
DO 140 Y=1, 6

PO=TP   Y, F-1 !
TP Y,F!=PO+   DEP F!+33.0!~PPNA F!!-PO!~�.0-EXP  -0.69315

1 *TIM F!!/HT Y!!!
PER Y,F!= TP Y,F!/MO Y!!+100.0
IF  PER Y,F! .GT. 100.0! Z=l

i40 CONT"NUE
''50 CONTiNUE



TI NUE153

! x'
i p v-, 6!  MO Y! Y=1,6!mq

16

NA =!, DEP F!,  TP y F!202'

!,Y=

B+
60

TO 153! GQ
160 CQN

IF

CQNTT N
203!4,' R

250

C

C INDICATE IF ANOTHER

C

PROF: S TO BE RUN

TYPE 300
300 FORMAT ' DO YOU

1/' NO=2'!
ACCEPT 3io,

310 FORMAT�I1!

YES=''

C C C IF NOT THEN END

IF  N .EQ. 2! GO TQ 500

INDICATE IF THE SAME MODEL IS TO BE USED

C

C C
TYPE 320

320 FORMAT ' DO YOU WISH TO USE THE SAME VAI UES FOR:
i/' HT�-6! '/' MO�-6! '/'0 YES=1'/'
ACCEPT 330, N

330 FORMAT�I1!

'/' PPN2'
NO=2'!

C C C RETURN TO BEGINNING O. PROGRAMS

IF  N .EQ. 2! GO TQ 099
GO TO 098

500 CONTINUE

C C C PRINTER FORMAT STATEMENTS

7 '4'!, ' THE UN.VERS:
ABORATORY ', 7 'w'!,
VE PROFILE ANALYSIS

10X, 'NUMBER OF STEPS
PAGE P ', l I 1, 10X,

200 .ORMAT '1:', 77 ' � ' !,
1MI CHI GAN UNDERWATER

20 '*'!,
1, ' :'/' :', 77 ' � '!,
11I2, 9X, 'PPN2
1':'/' :', 77 '-'!,

201 FORMAT ' : DIVE
1:', 6 ' Mo=', 1F5.1,

':'!!
202 FORMAT ' : STEP "' 1

1!/' : ', 1F5.1, ' FSW
11F5. 1, ' MIN :', 6�X,

Y L
t

/
20 '<'!

t
DI

1F5. 1, ': ' !/': PROF ' E
11 '='!, ':', 6 io '='!,

5 io ' '!,':'~ f2 I ~
6 '

1F5. 1,

3X, 1F5. 3,
1F6.2,

~ '!/' .' 1
~ I !/I

1 '-'!,1
/0
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B=o

CON
B=B

A=F

WRI

DO

�,200
�,20',

0 F =.-'., X

�,
:ER  ':,:-

ix

 F»Q
NUE

W:SH :Q RUN ANOTHFR PROFILE?',''

CHNQLQG
I -" EVEL
t 1 /

5.3, 9X
!

6 '
: '!/'
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introduction

This is the owner's manual for the
EDGE" Electronic Dive Guide' It
consists of a descnption of what the
EDGE is and how it funcnons.
followed bv instruct><>n on how to
use it. The >>est sect:ons ead you
through sorni i omm~>n dive profiles.
showlllg you novv to read tht
EDGE's display =creen Then the
care and maintenance r>f the EDGE
is described followed by a section

on the I>mttations you should be
a«are of A section on backgrouna
and theory is provided for those with
a technical orientation or who simply
«,ish a deeper understanding A
Ouestion a Answer secnon is pio
'.'rica it the eiid. we urge cou t<! caii
ORCh lriciustries if anv aciaitionai
iuestioi> come to mlna

'I he EDGE itself is a compact.
submersible computer which gives
.ou the information you need tn
pian your dives and to avoid the
i>ends. It is also a precision depth
gauge. dive-timer, and surface inter-
val timer It takes care of repetitive
dives as well as single dives When
using the EDGE. you get credit for
the shallow portions of a dive,

because the EDGE accounts for the
fact that vour body absorbs less
nitrogen at shallower clepths, tvpical-
ly divers using the EDGE get aouble
the t'ime allowed by U S. 4avy;a-
bles You aiso get Orca Industries
patented . ssue-trackir,g c spiay o',
dissoi'ed nirroqen. scroiling repeti-
nve dive tabie, and ma>amum 'eptn
recoraer

The EDG!E s rii>t u=l a ne«nrr>c-
'>< t, '.t:s a:>ew way ot dlviiig Rather
than vspiain>ng turther. aiiorv tn.s
manclai arid a ie«' HKhllirat>ng c!ives
with the EDC>E to teil you what we
mean'



Reading the Display Grid Refer to page 9

While Diving On the Surface
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Description of the Edge

FDGE:n essence creates a c stom-

caicuiat»o .'able f<>r ani dr<» prof:l»

The DGE:s siinple:o,is» anc.
i»a»1 r<!<> lust 'iul'.92:t >I> at:1» .Ur
iace a<i<i c:< e '<',t. I ',i I I;» o»corri
pression status informat:<>n,s co»
veyeci in both digital and grapnical
!orm. Once you have learned how
to read;t. decompression status can
oe obtain»<i at a giance

The EDGE contains state-ot-the-
art microprocessor and electronic
technology all housed in a rugged,
waterproof. alloy case The pressure
transducer is temperature compen-
sated and is accurate to 1 fsw
throughout its range from 0-160
fsw The FDGE is powered by a
normal 9v alkaline battery which
provides at least 48 hours continu-
ous use It also has the capabiliti

Limited Warranty & Disclaimer

138

The EDGF.'  Electronic Dive
C>uide' '! is a MICROPROCESSOR
BASED. DIVER CARRIED
E! F C !M PRESSION NO
' 'EGO<~!PRESSION COMPUTER
I:ie EDGE gives the diver a con
tinu<>us readout of decompression
status based on individual dive pro-
: les Unlike tables. the EDGE bases
i-:nformation on a calculation pro
i dure which updates decompres-
sion status continuously. This allows
the EDGE to take into account the
snallower portions of a dive profile
instead of basing the decompression
status solely on the maximum depth
«chieved during the dive. The

for thorough dive planning and safe
diving techniques.

To be as safe as possible when
using the EDGE:

1. Familiarize yourself thor-
oughly with its use before
you begin diving with it. If
you have any questions thar
cannot be answered by the
manual or your dive shop.
contact ORCA Industries

directly
2. Wear backup depth and

rime measunng devices
3. Regularly confirm the

calibration <>f the depth

gauge

The EDGE ' is warranted against de-
fects in workmanship and matenais for
a penod of one i1! year after purchase.
sub!ect to and in accordance w>th the
terms and conditions set forth below
Buyer is responsible to obtain approval
from Manufacturer before returning any
unit. and any units returned musa be
well protected for shipping. insured,
and shipped to the Manufacturer pre
pa>d Buier shall enci<!se a .<r>tt»i>
statement deiaiiing th» .i,>ture >i,v>i
prooiem and in» c:rcuinsia: <»;.!>d ".
w'tilch ', occurre<i

Tn>s L;mited Warranti st>a>I not be
»ffect>ve uniess C>e encloseci <varranti
car<i: compieted an<i retumeci;o
Manuiaarirer w>thin ten il !! dais after
the date of purchase. together w>th a
photocopv of Buyer's receipt or -im>!ar

>i i>attery replacement without
i<»ing intormation from .our
prev".ous dives

The itiodel prograrnrtned:n m»
EDGE provides a safer <live than
:he U S Navv tables for d>ves witi;
profiles where the lilavy tables are
marginal, while providing more dive
time for multi-level dives. The
itiodei is based on the ptai.e and
»iimination of NITROGEN in tweive
tissue groups with half-times ranging
from 5 to 480 minutes The com-
bination of the ability to run the
EDGF continuously and the longer
tissue half times allow you to
monitor decompression status over

penods of days.
It should be remembered that the

EDG>E;s a tool to help you dive
with greater safety and freedom. but
should not be used as a substitute

proof of purchase. This Limited War-
ranty shall apply only to the original
Buyer of the unit. and shall not be ef-
fective with respect to units which have
been used in rental, shanng, or simt!ar
multi-user arrangements.

Seller's and Manufacturer's responsi-
bility and liability is limited to replace-
ment or repair of any unit returned to
iManufacturer within one �! year after
date of sale if such unit is determined
bi iM<tnufacturer upon inspect>on to oe
defect>ve in workmanship <>r matenais
The batterv c!>ps and u>res. i>owever.
<>re on!i <varranted for 90 days irom
date <>f purchase Replacement or re-
pa>r shall include the cosa of both



Limited Warranty & Disclaimer

Disclaimer
It is expressly understood and aqreed that bv purchasing or using

the EDGE, Buyer and any other person who may use it accepts it as
is", and with the understandinq that Seller and i4lanufacturer disclaim
any and all warranties and guarantees, whether express or implied,
statutory or otherwise, except for the express limited warranty to repair
or replace defective parts and materials set forth in the immediately
preceding paragraph. Without limiting the generality of the foregoing,
Seller and Manufacturer disclaim any other warranty or guaranty,
whether express or implied, including, without limitation, any implied
warranty of merchantability or implied warranty of Btness for any par-
ticular purpose. It is understood and agreed that neither seller nor
manufacturer shall have any liability for any personal injury resulting
from operation of the EDGE, or for any other damage, whether direct,
consequential, or incidental, and Seller and Manufacturer disclaim
such liability and Buyer and other users waive the right to assert such
liability against Seller or Manufacturer.

The FDGE: is to be used only bv cert I>ed divers who are lu ly tra>nec
ind are aware of and have an understanding of the risks and potent>ai
hazarcis of diving. If you are noi tra>ned. please seek training pnor io us;ng
itic EDGE.

Inserting the Battery and Sealing the Battery Door

FgFiq 1 FIg 3

1. Loosen the screws io the lacery
door wlili a colt! a>id I'e".noc e
Battery Door  Fig 11 T<> prece,,i
loss of the door place ii in a sec re
p! ace
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inater,als <!nd labor Ne:<:,e. Se'.!e. nor
Manufacturer sha l be tespons>bie;o re-
;>lace or repa>r anv unit cvnich na<
'oven damageci by iinproper or ex es-
sive use. a terat>oil <x ianlpeiliig, ccl-
dent i>r ioini!g, or any cause wna'.-
soever other than defective workman-
ship or matenals It should be

~iunderstooci that the EDGF" ':::. <en-
seve electrt>nic dec!ce cvnich;s suscep-
tible to damage if misused. abused. or
subiected to accidental lolt>ng or m1c-
ing. It is intended onlv io provide an
addi >onal measure of safety to el>vers.
and should not be reliec upon bc any
used as his sole means ot proiec".on

2. Connect a 9 volt alkaline battery
'.o one o  the battery clips Snap it>e
auxiliary clip into the holder  I'ig
21 Arrange the battery wires so that
:hey are clear oi the 0-ring. The
battery must seat firmly so that the
cover will fit: take care that crossed
is!res do not get under the battery
3. Slip the battery into place ivlake
-.ure the 0-nng is in place  Fiq 31.

4. Replace the Battery Door and
i: ~hten the scree s  F;g 4> us:ng a
< >in or similarly sized obiec:
lighten screws alternately. one or
iwo turns at a time.
5. TIGHTFN until Door is FLUSH
with the c se  Fig. 5! If a gap te-
rn<>ins, remove Door and check  c>r
illter ere>lee.
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l.!g I i Fig. 13fig 12
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Turning the Edge On.

6. Make sure the Battery is installed
pr<>perly  page,'>! l-lip the Magnetic
switch on the «ase back to ttie ON
position  Fig. b!
7. The EDGE will first display an
Orca pattern During this time it per-
forms a self check of its functional

integrity  Fig. 7!

11. Make sure ttie EDGE is turried
on The switch cannot be operated
while the unit is being worn. Thread
the hook side of the velcro straps
through the pins. st«rting on the
same side r>f the case "ON" is

pnnted  Fig 11!

8. With all memory locations and
calculations checked. the EDGE dis-
plays a reminder to read the m,inu il
thoroughly  Fig. S!
9. Next a blinking checkerboard
pattern is displayed as the EDGf'.
determines ambient surface pressure
 Fig 9! This allows an accurate
depth reading even wtien used, it
altitude.  If the pattern does noi
blink. you are trying to ininalize;he
EDGE either underwater or at an al-
titude greater than 12,000 feet.!

12. Place the EDGE nn the paim
side of your forearm and connect
the straps  Fig. 12!. Holding thc
EDGE in place against your boc!y.
tighten the straps An optional
holster is available if you wish tn
wear your EDGE on your belt or as
a console  Fig 13!

10. The EDGE then shifts to the
main display  F'ig 10! At this time
ttie top number vill displav the pres-
ent temperature  in Centigrade!.
and the Depth section will ciisplay «.
"0" in reverse video, the Time sec-
tion will display "0 00" in reverse
video aiternating uath vour surface
interval in normal video. and the
bottom line will start to display vour
N<>-Dec<>rnpression Limits The
main display is explained in detail
on page 9

Wearing the EDGE



Terminology

Here are some new terms  or new definitions for old terms! that go with the EDGE:

Residual dive Ascent Rate
ate <.I Wnlc, I '. <nu

Dive time
I UIai time >pent !«1«<'I' <. aliel' <tul".:>q ..:U«re:~ 'rlpii<.e ail<I accurate

;< 'I: c et:Ii<, e,t:ver witf
EDGE

wal cls Ine sUrlace 'Ul" fig .:
D>ecompresston d«e Twen:.: 'e:
per minute is the recomrner. ec as-
cent rate with the EDGE. 4 <:eet
;>< r min«te:s the ~IAXIML'~1
«+cent rzlte

Repetitive dive
Any dive made when the EDGE is
still registenng residu.>l I>itrogen on
:ne tissue-tracl'er Unlike the Nav<.
tabies. this may be l<>nger than 12
hours after the previous dive, since
the EDGE accounts for the slower

Clear dive
. he; rs "<ve ycu make atter turn:n<i

EDG <n

Ceiling
I'ne shaiiowest depth to which you
can ascend without getting the
:ends. S;miiar to a Decompressloil
=<op deptl,. except that it is OK t<>
"e DEEPFR than your Ceiling
Aiso, Navy Decompression stops
are multipies of 10 �0, 20. 30.
etc ! whereas C< ilings can be an!
.aiue �0. 23. 4H. for example!

IISSUeS

Reading the EDGE

Note: Open the fold-out of the EDGE display screen found on the inside front
cover as you read the following section.

141

The EDGE's display is a 32 x 40
dot LCD matrix which is divided in-
to a graphical and a digital section
The graphical section gives you
the following information:
~ Graphical Representation of Pres-

ent Depth by using a DEPTH BAR
QA The DEPTH BAR indicates
your present depth down to a
depth of 132 fsw �0 metersl The
depth is read bv usinq the D11PTH
SCALE

~ MAXIMUM DEP I ! I RECORDER
QB Indicates the max;mum depth
achieved dunnq a <.live

~ TISSUE-TRACKING DISPLAY"
� Graphical Representation of the
Nitrogen Levels in the 12 Tissue
Groups shown by the TISSUE
PRESSURE BARS ! and their
Distance irom their Surface
Xirrogen L:mits represented by the
TISSUE SURFACE LIMIT LINE

QD As,ong as the Bars remain
annve the Limit L!ne you are in a
Xn Decnmpressinn dive If any ot
': e Bars ..nss the Limit Line v<>u

sl decnmpress long enough to
p' t <he Bar<a! back above
'.. e Line

I he "I-'<.st' tissues, those wliich

;ake on al,cl give off nitrogen quicl-
:< . are ciosest to the depth bar The
'Siow" I:ssues, those which
eouilibrate slowly. are farthest from
:ne dept!, bar

Tv<I he T:ss'ie Tracker permits
'. <Ju Io'

1! Visualize how much Nitrogen
your body has absorbed. Deep bars
close to or over the Line mean
much dissolved Nitrogen, whereas
shallow bars mean little dissolved
<Nitrogen.
2! Control how much N'itrogen you
absorb. Each bar is constantly
traveling toward the level oi tne
depth bar. Bv ascending unt:..nur
depth bar is shallower than a,-:ten
;issue bar vou can 'pull" II al<.a.
trnm the L:mit Line

~ C>raphlcal Representanon ni Ce:rng
iSafe Ascent Depth! see page 'S
Fig 32! If the dive becomes "
Decompression ciive two "ears ><all
start to descend al<>ng either s;ce nf
the DEPTH BAR showing your
Ceiling  the shallowest depth you
can safely ascend to!
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Reading the EDGE

The digital section, which has a
SURFACE and DIVE mode,
displays:
~ Prese!it Max>II>un> L>epth QE

A he!1 ihe dive ! un<'.et<< .<. '.!ii.,
area di!pl >y! i our;>re!ent depth!:><t
the surface the maximum depth of
the dive is displaye<i;n reverse
video QF so you may l<>g it

~ L!>ve Time Surtace I!>ter...i T incr
QG I'he Dive Timer >s activated

when you descend belou '> meters
  >.5 fsw! and freezes the time in
reverse video QH wheri you as-
cend above 1 meter i3 3 fs<v! If
v<>u descend aqa>n within 10
minutes t!ie timer will connnue to
add time to the previous Dive Time
lf over 10 minutes elapse before a
new dive is started the EDGE will
consider!t a nev' dive and reset the.
Dive Time to zero At the surface
the Dive 'I'ime will alternate with the
Surface Interval whicti uili 't>e

decompressing. As you ascend
towards  but not above! the Ceiling
the up arrow will be replaced by a
negative  " � "! sign followed by a
time  in minutes and seconds! This
is the DECOMPRESSION TIME
REQUIRED at the PRESE!VT
DEPTH in order for you to safely
ascend to the surface It is also the
t!me required to pull all TISSUE
BARS back above '.he L:mit Line
After the De<»mpres~iot, '.:me ha!
elapse<i the RND I f<.r!tie present
depth will once agaii, be dispiaved
The EDGF uill not sh»w a decom-
pression time ii the RNDT atter
decoiripr'es!lon will be' iess thai>
5 minutes.

At tile surface this section
displays v»ur Repetitive Dire T«nes

display'e<i:n normal vi<ieo iN<>te
:nat Surtace Interval reads;n hour!
!. minutes normal vi<ie»! whereas'
'.!ie I!ive T.liie Iea<is i!1 ':i!I!iute! ix;
;e<-nr;<fi re<cree . Iden .it -urta<.e
bui norrnai v!<Ie» eluring Jiv<.!

~ Ceiling Ql I hi! !ection ot the
ciispiay g>yes ttie numencal display
of vour Ceiiing As ion» as the Ceil
rig reit>ain. Il yio<i ca!i,!scend t»
:he surt«ce lf a Decompressi<>ii
dive is being performed you cann<>t
ascend to a depth shallower than
the Ceiling. If you do ascend above
the Ceiling a warning will be flashed
telling you to DESCEVD !VOW
IF>g 3'3. page 19!

~ No-Decompression Time Decom
pression Time,'Repetitive Dive T me
Display QJ This section convey!
the decompression status inform,i
ti»n to vou. showing Remaining

Vo-Decompression Time  RNDT!

QK The display will show the depth
of a repetitive dive and the No-De-
compression time for that depth
based on the remaining nitrogen in
your tissue groups. This informa-
tion will be conveyed in 10 fsw in-
crements from 30' to 150' and
then recycle For example the dis
play 50' 34 indicates that you
could stay tor 34 minutes at »0 f!u
i>et»re Decompression is require<i
luiilii?e the I,ibles as< ent,ind ue
scerit tir.ies are NC1I p..rt »I this
time

~ Temperature and I.»u, Biittery In
dicator QL This sec!in!i display.
the temperature in de.grees Celsius
within the range of � 15 to 50

or Rem,»ning Deco;i>pr ~s=x �. I:riie
RDT! dun!iq

R.'r>ettttve Dive . xtte i ao.e .< nxe»r;
! u tf a c i?

I!urtng, ti; e �: RV:!
RD I;.- <I!!p ave: .
secon<is A plus,"�
dicates t.'ie no-decompress!on::me
y»u have left!f y<>u -:a. at ne
PRESENT DEPTH; .. !.rec se
c ilculatl JI> of '.'1e ai o' !n!
until any one or you" TISSUE
BARS crosses over '.he ';m t L;ne

If you descend the:;me uiil
bi come shorter anci,f ycu ascend
the time will increase lf nu -«iv
longer than the No-Decompression
time the number u:!il be repiaced by
aii up arrow I" 9"! This;n<iicates
that y<>u have enrered a Dec<>m-
pressior> <five,>nd !v!II,:eec !0 as.
cend wtien you uisn to ~tart

degrees Celsius. When the
temperature drops below 0 the
temperature will be displayeci in
reverse video. When the battery
weakens the Low Battery warning
"Lo" is alternated with the

temperature display This uarns
vou that the unit will operate ap-
proxirnatelv 4 more r,ours and rhat
y<>u shoul<i repiace!r,e oat'.erv as

ion ds pcissiole
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displavs I.our present depth
glance «t the [!»t>th B«r gives vuu «
 !<ilcl '.»< I nt .< i<!< v<>«<>r»,>r!<;
lonk at the cii<;ital readnut gives vou
a precise reac. ng

Ten aiid one half minutes into the
<live yn<i lre fv8 fsw  I-ig 17! Yn«r
I'issu» Bars are w<!rklrlg Ih»ll w<1<,
dnwn lnwarcis this depth. aithough
none «t» verv c':ose to the Limit Lin<
»Ief Youl';en!«ll'lllig No-D»cnt1![!l'»s
alufi I 'frie f< ll v<!fl Iif«f  'n« ffa<' ,'l l
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Example. Suppose you set off
fr<>rri 1 <l xk tn div» a wrecl' Iving a
i< u hundr»d v.inls <offshore AINu
L!ecompression Dive is plann»d t<>
70 fsw When you turn your EDGE
un it will show the I'lo-Decompres-
ai<>rl limit f<>r 7 ! fSW tO be 4 ! fnfn
utes  f-ig. Ib! Y<>u pl«n <>ri «wreck
dive to 70 fsw. dive for 8 ! minutes
and start vour descent to 70 feet
D«ring vour <les»»nt the EDG>E

RiNDT The EDGE automatically arl-
lusts for the change in dive plan!
You find the ship's anchor. and
spend about seven minutes explor-
ing it. Now the EDGE reads as
shown in Figure 19, with only 2
minutes and 48 seconds remaining
before decompression would be re-
quired. Notice that your fastest
Tissue Bar is about t<> cross the L!mit

~ sa~ ~ ~~ asa~ ~ ~~ osa
'C%s ~ Oa~ ~~ ~~ ~
OO>f<Ia<f~ ass~ ~ ~~ as a~ ~~ aaa
aSS< 5~ 00 ~~ ~aaa 500 ~

$N ~ 00* ~r ra
~ ~ 500 Na~ ~ ~ ~ ~~ sa 500 000~ ~ ~ ao ~~ ~ $ ~ 000

W,<>a n O

Line. and several others are close
behind. You begin your ascent from
111 fsw, stopping for a few minutes
at approximately 18 feet in order to
pull your Tissue Bars back from the
Limit Line  Fig 20! This off-gassing
is a good idea if you have been close
to your iNo-Decompression Limits.

minutes and SZ second» unt i vou
would cross over int<> 1 Decnmpres-
iun d.ve. Your elle» flin»i' l e«ds I  i

n1lflul»s «riel 80 secon is. af!d i.'our
temperature has dropped to I,'i
degrees C

Following the chain nf what «p-
pears to be the wreck's anchor line.
you descend to 102 feet in a little
over a minute Your EDGE now ap-
pears as in Figure 18..vfth � 11:4b

Important note regarding
ASCENT RATE: The recommended
ascent rate wtth the EDGE is 20 feet
per minute This is much slower
than the 60 feet per minute used
ivfth rhe US Navy Tabies ll:s easv
'o maintain 20 feet per minute ustn
he EDGE regulate .our aac»n:
'ate so that fhe depth r»adnut
.hanqes b<. I foot at a:ime Twenty
'.eet per minute must be used:n all
 ?ases where vour tissue bars have
veen close to the line or when you
«re doing multiple bounce dives.
Forty feet per minute is the MAX-
IMUM ASCENT RATE with the
EDGE. for use in other cases.,>nd
. mergencies. If the depth readout
changes bv 2 fe<.t «t a time. you are
,<seer!</ff!g «t 4 ! ft min
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Surfacing after your wreck dive.
the EDGE reads as shown in Figure
21 Your maximuin depth and total
dive time are shown in reverse video
Underneath your dive time a Repeti-
tive Dive Table begins to scroll.
Here. you see that you would have
17 minutes at 70 feet, Your Tissue
Bars are pulling back toward the sur

tt ~ NSSOSSMSOM~ SSM
10

� Sl ~ N~ ~
a- ~ MS~ ~

� '.� 'C'tts'
� '0� ~ ~~ ~ 1

Lg t

N0 SONONMSOOOO
~ SM ~ ~ ON ~~ OM ~ N ~

IG'

Once you surface tt>e EDGE,c: I
switch into Surface Mode tThe
switch-over point is at 3.3 feet oi
seaw>ter! In this mode the EDGE
times your surface interval. con
tinually updates your repetitive dive
status. and displays the maximum
Depth and Time of your previous
dwe so you may record it.

.ace. the last Bars have already re-
:rac;eci considerably during vour
-.ow a c nt and afety stop

I his sample shows the flex>b>l>ty
>t the FDGE It has allowed vou to
perform a dive that according to the
tables would have to be calculated as
a 120 fstv dive for 30 minutes, in-
olving stage decompression. It

handled the alteration in the dive
plan etfortlessly and always told vc>u
how long you had before decom-
pression was required.

How can the EDGE do this when
the tables cannot? The answer is that
the EDGE tracks your Nitrogen up-
take CONTINUOUSLY, and com-

� XI
~ R

� a- .C'8$
IO RS

L4 *
I ~ SOON~~ S gO MO M ~II

N $$ MS 0$I

~ I ~ ~ ~ ~
~ a:tO�

IQ'

Fxampie You surtacea I'rc>rn the
xreck dive twelve minutes ago iFig
22! Your nitrogen leveis are de-
creasing >chile on the surface. so
.our repentive times are steaaily in
creasing The Nio-D limit for 70 fsw
:s now 24 minutes Notice the
changing shape of the Tissue Bar
Profile. i> Vith practice, you will be
able to recognize what kind of diving
someone has done in the past dav
or two !ust by the shape nf h>s> her
T:ssue Bar Profile!

pares the amount of gas you nave
absorbed to permitted limits oi
.upersaturation There ex!st m:. 'ions
>f pc>ssible multi-level aive pro; es,

tables must make the approximanon
that you spent your whole dive at
one depth. the maximum depth, to
avo>d having to carry literally r.;iiiions
of tables. The EDGE, which caicu-
lates directly, is not limited in
this regard.

Figure 23 stiow-;he EDGE
ciippla< after 4it rnIiiuies c>i purr> e
interval. The Repet;t>ce Tabie =crI»i-
to 70 ' ancl vou see:hat you hace
.>2 mlc>utes there You gear p anc:
plan a dive tn explore the area sur
rounding the wreck Your ciesce;it;c>
73 feet takes 1 minute. and you
»c>te that your RNDT is 29 minutes.
29 seconds  Fig. 24! After 27 m;n-
utes you are at 69 feet and yc>ur
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H<NDT is 4:0<S iF<g. 225!. �7 09 pius
I t!;  is lon ger than the onglnal
2'.! 20 RNDT t,'oLI nad a'herl Vuu first
arrived at 7:3 feel  <>hy>
CREI!� lor th  aria!low<>r portions
of ttie dive ! Since your RNDT is
down to only �. 4 0<> and you have
manL Tissue Bars close to the l.i<nit

After Surfacing, your EDGE
displays the information in Figure
27. Compare the Tissue Bar Profile
after this second dive to that after the
first dive  Fig. 22!: you now have
quite a bit more residual nitrogen in
your slow tissues This nitrogen in
the slow tissues builds up slowly
throughout a day  or days! of diving.
It is only slowly released. as is illus-
'rated by Figure 2S. showing the
displaL 2 hours and 10 minutes after
Ihe diLe The EDGE:racks the
nitrr>gen even in these Lerv slow
tissues. If you are r"'lving several
tlrties per day. for .everal days. you
ahouid i,eep your FDG>E running
Lnntinuously to avoici over-saturating
<.QUI sloal tissUes

Decompression with rhe EDGE can
be performed in one of three ways
 or any combination of the three!
by using the Ceiling display and the
Remaining Decompression Time
displaL<

I-lg I>

Line. <> >u slal't I�'oUI ascent Llsli1g 0
20 fsw per minute rate Le<<!:nq nlf
it 1;! fsa. Lour RNDT:t>el<
- HRS. meaning th it ynu couid stay
hours at this <iepth il ig 2bl 1< u
then spend ten minutes photc<graph-
ing shnmp and anemones,irr i»i<i
the piiings u the riu<.i fr<>rn LLI;!ch
VOU are dlvlllg. pLlrtlrig in L'OLII Sale <>
Stop rlf the Same tln1e.

F!<g 27

One Level Decompression
t'all ascend I . 0   ept i iacteoel
',han the  .:eiling! 1boLe «here 'ii<
bottom I;ne d:splay changes,'I
an up arroLL i "+"! to HD'I an

spend the entire Decompressiu:1
Time and decompress at a sin<, e
level  if you have enough air!

. Normal Stepped Decompression.
If your Ceiling is 27  sv ynu c«r.
ascend to 3� fsa and a,ait unt.i

ne Ce!iing re >cites 20 .Is L At risi
"I 1e  . oLI can asceno ln 2  I !;a'
ar>d a,alt lor the Ceiling '.o reach
li.l isa '<Ou r11aL then a=cena tO
10 fsa< and finish Lour de.
. <>mpression there
Continuous Decompression.
Continuous Decompression is
.Lhere y<>u move up to the Ceiling
,in ! keep matching your Depth
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1. Rinse your EDGE:n fresh water
and dry it off

2. Remove the batterv with the clip
attached. DO NiOT DISCON-
<VECT THE BATTERY' if.ig.
14! Please note that when the
battery door is off the actuator
can FLIP OFF VERY EASILY

Take care not to let this happen.
as if it did. all your repetitive dive
inf<>rmanon would be lost

3. Take the auxiliary battery clip
and attach a fresh banerv to it
iFig. 15l

4. Remove the old battery «s s<><>ii
.>s the new«one has bee<i c >ri
nected and place the unused
hatterv clip onto the hol<ler

I'lease note tha ?i the free clip
contacts the metal hous ng. there
; an i>e i <?>on?entarv >h >rt anu
consequent loss .>I power and
!<>formation

5. Sl>p the new, oattery:i>to the bat-
terv c<>inpartment. cl.eck the "0"-
i",1!g. ail l replace tile Battery Door
<see pag< 5 "In erting Battery "I

You may fly in a commercial
a>rltner  8000' cabin pressure! after
all your tissue bars rise above the line
shou n in the figure at left.

If vou turn your EDGE off after
your last dive it is recommended that
you wait at least 12 hours after a
iNo-Decompression Dive and 24
hours following a Decompression
Dive before flying
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Maintenance & Care

Although the EDGE is a rugged
piece of equipment. proper care an<i
maintenance can help prevent anv
possibi» problems. By fnllnwing
;hese suggestions the EDGE. sh<>ui<l
ias< tor years with<>ut requinng r<
ad!ustment or repair:

A. Never leave the EDGE out in the
direct sun or in a potentially hot
pl >ce such as a car trunk. Exces-
sive:i»ating can cause damage
to the internal components.

B. After use rinse the EDGE with
fresh water. dry it, and replace it

A. For use at altitudes greater than
500 m or 1600 feet please con-
tact your dealer or Orca Indus-
tries. The Limit Line is shallower
at higher altitudes. and this must
be accounted for.

B. The maximum depth the EDGE
can distinguish is 160 fsw. If the
EDGE is taken below this level
"OR"  Fig. 39! will be displayed
in the depth display and the
EDGE will flash a warning that
the Depth Range <vvas exceed»<i
 Fig 40! for the remainder of the
dive In order t<> provide a smail
safetv factor. in case the depth
range is exceeded, the EDGE
will calculate nitrogen uptake as
if you were at 200 fsw whenever
it is Out of Range.

C. The EDGE can be operated in
any temperature of water � to
40 degrees C! but should not be
left out in temperatures below or

n .;s carrving case This pre<ents
tn EDG>E;rom acing bangeci
around and also prevents the ac
cid»ntal su,itching nr'f nf the. de
v>c»:f vou are pianning a r»p»!:-

<five .
C. Do not drop the EDGE. It con

tains glass
D. Never poke anvthing into the

transducer ports as this c<>uld
1.mage the spec:ai membrane
Do not dive with an EDGE that
has silicone oil leaking from the
transducer port: this would indi-
cate a need for factory service

E. If the EDGE is not going tn be
used for a perio<i of time remove
the battery from the batterv corn
partment. DO NOT REMOVE
THE BACK OF THE UNIT"'
Any unit that has had its back re-
moved will not be covered bv its
u arranty.

above this range The I >quid
  r;. tal Dispiay mav seem siiig

h <it It>»,n<vei' operatliig t»m
peratu res

D. The Dive Timer '<<ties up to
199 59 and:i en r»cvcles tn
tl ti l

E. Any No-Decompress;on or De-
compression Time greater it>an
99 59 will be dispiaved as
"HRS"  " HOURS" !

F. I he Ceiling util onlv <i>splay
vaiues up to 99 fsu

F. I-'< n<>dicaiiv greas» anci inspec:
:h» 'i.!"-Ring on the battery case
door to maintain a good seal

G. <-»riociically «pple silicone <irease
tn th» Batterv Dn<>r screus to
weep tnem operating tree<v ai;d
pl <.veili col'i'oslo<1

H. Dn not allow water to enter the
battery compartment. Water in
contact with alk<iline barter!es can
pr<>duce caustic comp<>uncis
Also. it is possible for water tn
pass through the protective bar-
rier into the electronics compart-
ment, such as might happen if
vou dived deepiy with an npen
or unsealed battery door

I. Do not expose ihe EDGE to sol-
vents. petrochemicals. or strong
cleaners: these can damage the
seals.

G. The Magnetic Flip Switch will a -
'.»et a compass if,t is held u;ith;n
I 5 ' i50 cml oi the EDG>E.

H. A scrambled screen inciicates a
momentary ioss of power  ac-
cidental switching nff! and invaii-
dates information.

I. Several minutes before the bat
terv dies. the temperature read-
ing will be incorrect.



Questions and Answers

Please mail us your questions if they are not answered here.

Q. What if I acciaenta.iy:urn .ce
EDGE off dur:ng:1,
i11«in g

A. You «ill have .ost «ocr rcne-.

25

Q. The depth bar doesr.''. .';ne .ip
uiith the gradatior.s on the
depth scale Why .=- Ih;=>

A. E ich pixel actually eauais ane
meter. which is 3 3 eel =c .
v, ould line up only;.' '.I.e
scale were in meters

w> a I' I> I l1 q

contll1UOUs rUI1nlng
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Q. Does the EDGE require a spe-
cial container to carry:I aboara
an,iirplane'

A. No. it is a soiici-state eiec;rol,;c
device and can be carrier> .I..ts
regular carrying case

Q. The EDGE's display sometimes
flickers What does this mean'

A. Flickenng at high tempe.atures
is a general propertv of muiu
plexed Liquid Crystal Displays,
the EDGE has this type

case underwater. Ni-Cads also
have a short life. and they give
only a few minutes warning on
the Low Battery Indicator. IA
rechargeable option is available
from ORCA Industries consist-
ing of a special high-energy bat.
tery and charger.! Alkaline bat-
tenes will give over 48 hours
continuous running. operate
well even when cold. and give
at least four hours of io«batter.

Q. I get a lot mi>r« than 4b;ii>iurs
out of a battery. uhat'. the un
per lin>it?.

A. Using "Energizer" branci g «oils
the record is over 8 ! hours

Q. Because of n.y body build,>a<I
age I'm prone to the bends
Siloulu! throw in an extra oaf«
:. I actor u:hen using tti«
EDGE'

A. Yes. irt fact throwing in an extra
saietv factor is a good idea for
ail sport divers, and is verv iiasy
tc,'.o with the EDGE 1! Di>r>'t
ge! c'User than five or ten min
utes to your No-Decompression
L:mits. 2! Keep your Tissue
Bars well away from the Limit
L.:ie. 3! Avoid decompressii>n
dives, anci 4! Stay ten to tuentv
feet belov. your Ceiling if you
mu I do decompression dives
You will still get all the advan-
tages of the EDGE's multi-level
capabilities.

Q. I don't have access to a pres-
sure chamber. How can I check
the calibration of my EDGE?

A. Measure a 30 foot depth ot
clothesline or other cord that is
inelastic Tie your EDGE onto
one end and lower it down 30
feet. wait a few seconds. then
pull;t bacx up The Maximum
Depth will be displayed in re-
verse video. You can >iso Isk
your local dive shop ln check it.
as most have a small pressiire
cnam'ner iThe EDGE is mor«
accurate loan the gauges corn
mioniy in uSe >S preSSure
gauges and depth gauges. Iry to
fine'. a precision reference !

tive aive iniormat:cn an"
not be able to dive again .,".'.
day. Take care not to acc:cen-
taily switch t oH. an' kee
good spare batter>.;n; i>
carrying case

Q. Whv are only alkai ne '! . i;
battenes specitied '

A. Regular carbon-z:nc 'I .n:. ".;
terles have a liol lef ..Ie
often cease IUnctloning
thev gel cold. as is oiten In«

Q. Why do the iVo-D limits I get
when I first turn on my EDGE
vary slightly?

A. Due to minute vanations;n air
pressure readings after you
have turned the EDGE on The
No-D limits for the shailou.
depths can vary by several
minutes, those for:he greater
depths by one minule or less
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Please mail us your questions if they are not answered here.

Holster Installation

HP hose. Lubncate the nut
and hose at the end farthest
from the SPG

2. Immerse the holster in HOT
water so that the channel
into which the HP hose is
to be inserted gets very soft
If possible. oniv heat the
channel: this makes the
holster easier to hold in the
I>ex. step.

3. Remove the holster lroii:
uater and,mmediateiy
sert the n, t end of HP no~a
into the channel twisting
gently  make sure to <n~ert
into the end nearest th<
<.ieu, window cutout'! Twist
and push until at le~st I
inch has been inserted,:h«n

1 5C!

Questions and Answers

Q. Sometimes I get tissue bars only
i>ne pixel wide, mostly in the
sioui tissues. Who is this?

A. Each Tissue Bar is two pixels
u ide. like the Depth Bar, but is
written one pixel at a time. The
left one lights first, then the right
one lights. The next pixel is the
left one, one row down, and so
forth. This essentially doubles
the resolution of the Depth and
Tissue Bars. Regarding your
question, you saw several slow
tissues with only one pixel
lighted.

Q. Can I get the bends while using
the EDGE?

A. Yes. Using the EDGE is not a
guarantee nf m oiding the
bends. However expenence

The optional EDGE holster can be
u,orn on the high-pressure hose, the
belt, or anywhere you find
convenient.

The most popular location is on
the high-pressure hose, which
makes for a complete. compact
console

Needed to install on HP hose:
Hot water  boiling. if possible!. a

lubricant  silicone or dishwashing
liquidl. and a 'I -u rench  optional!

1. Remove vnur submersible
pressure gauge  SPG>! from
regulator tf you are using
soap as lubricant. use tape
ro block soap from entenng

from thnusan<is i>.' div«s ov«r
the past vear:ndicates:i>i>t m.
EDGE!s,> i>erter '«'.;ban
US Navv Tabies .:. i ih:
th +4I l>o cases ni neilus
been reported. At the present
time the EDGE is the best solu-
tinn tn the decompression prob-
lem prov!ding l<>ng nntt<>rn
times along u,ith exceiient
safety

Q. I got a 1 foot Ceiling with
"-HRS" of decompression iin
my second decompression iiv«
What does this mean and:iou,
should I deal with <t >

A. This situation <>ccurs when the
slou, tissues are near the L.mit
Line at the start of a residual
 repentive! dive, and then are

puiled <>ver duriii<. !he uive
thus reouir,n<g decompr«ss:iin

  e' 'ii><t
.!i<-n as 11 >r L;eei Il...< �co<.t!

actually noid th s uep;h
could decompress rather quick-
ly. but at I to 1 ! feet. vou are
actuaily still ON-GASSING oi
OFF GASSING <. ERY Si OW
LY in your slou tissues ~n
decompression there uould be
lengthyi The solunon is to iavoid
going into decompression nn
residual dives

In an emergency, vciu u.nuid
probabiy not be bent if you sur-
faced despite a 1 foot Ceiling
iNo further diving should be
done afterwards

insert the T-wrench from
the other end. screw into
place, and pull the hose all
the way through. Slide the
holster all the way down the
hose until it comes to rest
against the SPG. Push
holster up onto the nut that
links SPG and hose, this
helps immobti!ze it.

4, Without a T-urench, vou
must complete the instaila-
iinr> bv conrinuiiig to push
and twist the HP hose uiit;I
<tie nut clears the other enc
of the channel

The key ingredient:s HEAT The
hotter the water. the softer the
channel and the easier the installation
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Background R Theory

The algorithm used in the EDGE
has evolved from two distinct
backgrounds:

1. Multi-Level Divinq Techniques
practiced using the U.S.
Navy No-Decompression
Tables.

2. Shorter No-Decompression
Limits developed bv Dr.
Merrill Spencer.

most noticeably in the 40 min.
group. However an analysis of dive
profiles performed by three dive
guides at a Bahama resort showed
that all their tissue nitrogen levels
stayed below the U.S.  xlavy M
values. Also, many hyperbaric physi-
cians feel that the concept is valid
and safe tf specific precautions are
followed.

The conclusion in these theoretical
studie's indicates that;n some. but
not all. Multi-Level ciie» proiiies the
tissue pressures remain b»iow;h»ir
<VIo values In order to o» sure that
i>one of th»'other tissue groups ex-
c»ed th»:r M<> v«luce dil;ne t ssues
must be t«ken into account when
constructing tabi»s or calculat ng
decompression information

The algonthm in the EDGE takes
this conclusion into iccount. It
calculates the divers' tissue and
decompression status based on 12
different tissue groups ranging from
S min. to 480 min.

1. Multi-Level Diving
Techniques:

'Ih»  : S N<ivv < io-Decumpres= u:I
..'    �,.or»ssion 'I abl»s an<i pr 
«»:Ul« .«< I» de'Si in»a Ini »lui»
'0th U.. »s Dlvei's dl » 1»ue»r»c! I

.i » t'll» inaximurn depth attained  Iur-
ng thc -.:ve prnfile t<> calculate th»
.'xn Decompression I imit <>r th»
2>»eun;pr»sation sch»aui» as i  I!le !i

,iie» U ><i <recurred dt that max
mum c prli IV any divers feel that
:h»y are p»nailzed and limited by this
pioceciure since they d<> n<>t speild dll
'.heir time at the deepest depth C<>n-
-«quel>t.v. divers have sought neu
proce'dures for reading and using the
U S Navy dive tables that allowed
'.onger bottom times I'he techr»que
that gained the most acceptance iri
ilie dicing community are Multi-Level
 I;v» tai i» interpretations

2. Shorter No-Decompression
Limits:

With the development of Ul-
trason c Doppler detectors it was
possibl» to detect the formation <>f
venous gas emboli  VGE!, or silent
bubbles. in the bode after decom-
pressior, Using this monitonng lech
niqu» Spencer published  <Iew iNo
Decompression limits that wuui i
i>ro iuc» d lov, occurre.nce nf V IE
I  lese.' »ITllis teind Iu h» rn<>le cn".I-
s»r<a»< '.han th» L' S x ave ',ii> it-
I;:s th, -:. I:m;ts;hat . < r» U».»u t»

'.ne .<I<>  aiu»s:nl ',n» ! '
' =' u»:r«ups ! S  T>»> � -I+i! l>iiii,

  . !11» EI!C>I-
I h<. «iguritilm used in the EL>GE

-,> cnmbination of these tv,o back
grouncs The main ideas for Muiti-
L»eel D!<nng Techniques are merged
with the new Mo values to form an
algor thm which will theoretic«lie

Sun.» diving 2U: -,or:I;»s;na;ca.»
:i;a: these or slm:!ar prcc 'aur»s .-.  »
>»»<I t»xt»  dnu ''. »a .::: «mlI »IC:
:I .:»Id  living aitn ";gc

..dtd:s d»allao.«' . - «CS
nul pr» »1>t»' .. » . «'

:»chniques by thous«no» >I xport
Iie»rs

Witl. the acceptance �,. nese I»ch-
ucu»s there ha  .e»c
. Ith r»..p»ct tu in» =at»c. I oi<»:
Mat tie rrldllCdl andivs<s I
'dcc»ptable ' Mu'll:-L»v», "rufii»s
shows that in some oi tn» permia»a
profiles tissue nitrogen .»ee!s ex-
ce.»d»d the U S Cavy suriac»
:Titrugen limns  Mo vaiuesl These
»xc<. sslv» nltl'ogen vaiu»s I'e dU»:o
the fact that the group des;gn,itions
:n the U.S. Navy No-Decompress on
Tables were calculated using or,e
:issue. gn>up  the 120 rn»n groupi
Ihe unacceptable levels were
generated in other tissue groups

yield no. or a mtnimal amount of.
VGE. This is achieved by calcuianng
the uptake and elimination of nitro-
gen in the 12 ttssue groups every
three seconds during the dive and
comparing the pressures to the new
Mo values. This techniaue guaran-
tees that the nitrogen pressure in any
tissue group will never exceed its iMo
value  as long as the civer follows
the information given zy:he EDGE!

In >rder to reiease tn» EDGE to
',h» public ORCA Ina' s<nes con
UUct» ! a sIUa<.' Io»xar»n»; .»
t»c:s u  <MIUIII-L» ». D:.»s diir><.»U
ny Ihe EDC>Ej un;Ium .". subiec:-
I h» results shouea tha; Ihe pror les
test»d v.ere safe to ail: .» =u»rs ex-
posed A summarc oi tn» study can



Background & Theory 30

~ Spencer. M P . "Decompression
L:mits r'or Compressed Air Deter-
minec bv Ultrasonically Detected
Blood Bubbles," JOURNAL OF
APPLIED PHYSIOLOGY. 'v'oi
40. ='. pp 229-235. 19 6

ne ootained bv «,nting ORCA Indus-
tries The results are also published
in the proceedings of IO14, "Ultra-
'onic Dopple. Studv of Multi-level
Diinng Profiles " bq Karl Huggins

Additional information on
these subjects can be obtained
in the following published
papers:

Addresses:
~ ViAUI. P O. Box 14650, Mont-

e air. CA. 91763. �14!
621 5801

~ i~ ICHIGAN SEA GRAiVT OI--
FICE. 4107 I.S.T. Building. 2200
Bonsteal Blvd, Ann Arbor. MI.
48109. �13! 763-1437

~ JOURNAL OF APPLIED
PHYSIOLOGY. 9650 Rockvile
Pike. Bethesda, MD 20014

Comparison of No-Decompression Limits31

LIMITS  min!
EDGE Royal Navy

UMITS  min!
EDGE V.S. Navy Spencer Bassett

DEPTH
 fsw!

DEPTH
 msw!

225

135

75

50

40

30

25

20

15

10

152

30

40

50

60

70

80

90

100

110

12O

I: S !

140

150

160

170

234

136

77

53

40

31

24

19

13

ll
9

none

200

100

60

50

40

30

25

20

15

10

10

~   iraver. Dennis. "A Decompres
sion Table Procedure tor iV ultt
Level Diving,":n Fead. L  ed 6
PROCEEDINGS OF THE
EIGHTH INTERNATIONAL
CONFEREiNCE ON UNDFR
W'ATER EDUCATION Nationai
Association of Underwater In-
structors, Colton. CA 1976

~ Huggins, Karl E . Somers. L..
MATHEMATICAL E'v'ALUA-
TION OF MULTI-LE 'EL DI'v'
ING. Michigan Sea Grant Publica-
tion ~MICHU-SG-81-207, Ann
Arbor, Ml, 1981.

~ Huggins, Karl E., NEMi iVO-
DECOMPRESSION TABLES
BASED ON NO-DECOMPRES-
SION LIMITS DETERMINED BY
DOPPLER ULTRASONIC BUB-
BLE DETECTION, Michigan Sea
Grant Publication eMICHU-
SG-81-205, Ann Arbor. iv I,
1981.

220

120

70

50

40

30

25

20

15

12

10

9

10

12

14

16

18

20

22

24

26

28

30

32

S4

36

38

40

50

225

189

137

91

67

54

44

37

32

27

23

2O

15

13

11

10

9 6

none

232

137

96

72

57

46

38

32

2/

23

20

18

lo

14

12

11

/



Technical Specifications
EDGE available reading in either Metric or English Units

~ Depth Bar Range
~ l>epth Bar Resoluii<>n
~ Depth Functions

Modified i-ia.cancan

~ Decompression
I iincii<>ns

Depth Gauge:
~ Transducer Surface Internal Timer:

~ Accuracy
Range

0 to 100 psi absolute
transducer.;emperature
compensated

~0.3 ms« t: 1 fs«;i
0 to 49 ms«0 io 160 fsu !

+. 13 seconds per dav
. 0 io 99 hours 59 minutes

~ Accuracy
~ Depth Display Range
~ Depth Display

Resolution

Temperature Display:
~ Accuracy
~ Range

+ Z'C   3.6""F!
� 15 'C to 50 =C �6 8 =F
io 1Z3"F!

0.3 msw I;s«i

Power:
~ Battery
~ Duration
~ Low Battery indicator
~ Replacement...

Case:
~ Construction
~ Battery Compartment

Seal ..
~ Dimensions .

.. Cast Aluminum Alloy.. One 9v alkaline battery
..48 hours ! 250C
.. Gives 4 hour warning

Battery can be replaced
without losing information

.. Magnetic Flip Switch

.. Removed/Replaced using
any coin

..033 Square Ring

.. 182mm x 73mm x 33mm
�.2" x 2.9" 1.3"!

.. Mineral Glass~ On/Off Switch
~ Battery Door .

~ View Window
~ View Window

Dimensions 57. 15mm x 47 65mm x
6.53mm

�.250" x 1.875" x
0 250"!

680 gm �.5 Ibs!

Environmental Limitations:
~ Depth Range... 0 to 49 msw i0 to 160 fsw?
~ Altitude Ranges.

� Decompression
Algonthm

~ Weight

Display:
~ Configuration 32 x 40 Square Doi I CD

Matrix
Anibient Light~ Illumtnattc<tt

� Tissue Calculations
Warranty:
~ L>mite<i One- Year Warranty

Service:
~ All servicing and repairs will be done by ORCA

Industnes' Consumer Service Department

~ Temperature Ranges:
� Operating . � 4 C to 50 C �4 8'F to

122'F!
� 40'C to 75=C   � 40'F
to 167'F!

� Storage
tmsw = meters of sea water, fsw = feet of sea water,
'C = degrees Celsius: 'F = degrees Fahrenheit!

!pe<vf'.c>tt< vc -,« t < > ?,><>S ' <tti><><> <:«>tt«

153

Decompression Model:
~ Algorithm
~ iVumber of Tissue

G>r<>ups
~ Ttssu«H<>lf Tiin« f<trtq<
~ Tissue M Values

12
milt<tie. i ' -<q  t

D«llveu ir<><;
Decompress, on L.i �..:<.-
that were deierminec oy
Doppler s<ucies. more
conservat;ve than I.: S
Vavv M va',ues

Tissue nitrogen tet.e.s
Remaining V<>-

Decotttpres~ton T:mes
Remaining Decompression

Time
R«petlfic t? Vc,-

Decompression T;me>

Om to 350m above sea
level

�' to 1150 ' aoove sea
level

Om to 6100m above sea
level

�' to 20. XN ' above sea
level!

Dive Timer:
~ Accuracy
~ Range
~ Activation Depth
~ Deactivation Depth
~ Dive Timer Functions

0 io +0 ms« i;o 13':s«,
0.5 msw  I.o fs«i
Present Depth
Maximum Depiti R«cord«r
Maxi<num Dept!: t!'.sp.'at.

,~g' surface

~ 13 seconds per <iay
. 0 to 99 minutes 59 secottds
2 msw �.6 fs«i
1 msw � 3 fs«,!
Present Dive T!me
Freezes Dive T:me <rz

Surface
Dive Time i;ei to 0:f a

new dive i started ioniy:f
surface Int .al >
10 min.!
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OTHER PUBLICATIONS BY KARL HUGGINS

AVAILABLE FROM MICHIGAN SEA GRANT

New No-Decompression Tables Based on No-Decompression Limits Determined
by Doppler Ultrasonic Bubble Detection
 MICHU-SG-81-205! $0.40, bulk copies $0.20

Mathematical Evaluation of Multi-Level Diving
 MiCHU-SG � 81 � 207! $1.50

Doppler Evaluation of Multi-Level Diving Profiles
 MICHU � SG � 84 � 300! $0.40

For more information, to order any of the above, or for a list of additional diving
publications, contact:

Michigan Sea Grant Publications
2200 Bonisteel Blvd.

The University of Michigan
Ann Arbor, Michigan 48109

313/764 � 1 138
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