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Don‘t let the DKL die, 
don‘t leave it to the 
cutting torches!

You can 
change it!
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Questions ?

Due to our tight schedule, please ask me 
during the breaks or the socializing part 

of this event. 

You want a copy of the complete 
presentation in ppt- OR in pdf-format? 
Leave me your email address and 
you‘ll get one!
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A tribute to
Prof. A.A. Bühlmann
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A tribute to Prof. Dr. A.A. Bühlmann

Muttsee high 
altitude trials, 
1988

Statement made at the Diving Officers 
Conference of the Irish Underwater Council
November 1991, Dun Loaghaire, Ireland

…and it still holds true!
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Personal Contributions
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About the Model behind
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ZHL-16 is a „simple“ perfusion, dissolved phase model 
that does not account for diffusion effects and bubble 
mechanics…but it works quite well!

ZH: Zuerich
L:    linear
16:  tissue

groups

Further concepts:  Appendices

About the modell behind(1)
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inert gas pressure in 
breathing gas

alveolar inert gas 
pressure

Calculation „path“ of the 
inert gas (e.g. nitrogen) 
transport to the different 
tissue groupes, charac-
terized by their half-times.

About the modell behind(2)

insp. N2

Each compartment has 
identical inert gas pressure 
level as „input“, inpendent of 
the state of adjecent tissues
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• One differential equation (and a 
solution) for each compartment 
(tisssue-group)

• All compartments act independently 
of their neighbour compartments

• „inbound“ inert gas partial pressure 
is identical for all compartments (all 
compartments parallel)

• Saturation and desaturation is 
mirror-like inverse to each
other (not exactly true in
reality due to shunt effects
etc.)

simplified; 
for rectangular ambient 

pressure change

About the modell behind(3)
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LDE: linear differential equation

Solution for ΔP = const.: Haldane equation

Solution for ΔP / Δ t = const.: Schreiner equation

About the modell behind(4)

source: A. Salm (www.divetable.info)
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Courtesy of  Dr. David A. Doolette, USN NEDU: 
Doolette, D. J. and Mitchell, S. J. 2010. Hyperbaric Conditions.
Comprehensive Physiology. 1:163–201. 

source: A. Salm (www.divetable.info)

About the modell behind(5)
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Tissue half-times, 
coefficients a, b 
to determine the 
ratio between 
ambient pressure 
and max. inert 
gas tissue 
pressure (similar 
to M-values of 
US-Navy tables)

Limit US-Navy
(sea level)

About the modell behind (6a)

 ref. to Appendices

dp_IG(T)-tol
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Tissue half-times, critical 
over-saturation ratios

About the modell behind (6b)

 ref. to Appendices

Haldane:
Factor = 1.58 
(2 x 0.79) for all 
tissues; overly 
conservative for 
shorter halftimes, 
critical for longer 
ones
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High Altitude Diving 
Trials of the Swiss Army 

(1969)
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….using the French 
G.E.R.S. tables and with 
disastrous results….

(2 out of 8 divers suffered 
from severe DCS)

It is not known whether the 
sea-level GERS tables have 
been modified (adapted to 
altitude) or not.

Lake Silvaplana, 1800 m a.s.l.

High Altitude Diving Trials of the Swiss Army (1)

 Appendices: References
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High Altitude Diving Trials of the Swiss Army (2)
In hindsight, it is obvious that 
the GERS table imust have 
some inconsistencies with no 
link to physiological reasons!
Also interesting: Canadian 
DCIEM uses a SERIAL 
compartment model and is very 
close to Bühlmann.

data as of 1986/87
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High Altitude Diving Trials of the Swiss Army (3)

As a result of the follow-up research, the air diving tables of 1976 were created

altitude range 0-700m a.s.l.
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The famous `76 disk

High Altitude Diving Trials of the Swiss Army (4)
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The `86 Air Diving 
Tables
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Bühlmann air 
diving tables  `76 
not shown here…

(<< with ZHL-16)

(<< intermediate version 
„tables `83 with ZHL-12)

The `86 Air Diving Tables: Historical Development (1)

(<< DCIEM Air 
Decompression Tables 1983)
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The `86 Air Diving Tables: Historical Development (2)

Situation as of  october 1991….
In the meantime (2019), many
organisations have published many
tables, many of them with a undis-
closed or fishy background.
Some of them obviously „created“
with a total lack of physiological
competence and ruled by the fear
of law-suits!
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The `86 Air Diving Tables: The Trigger

Publication of the „new“ Air Diving Tables of 1983, based on 
the compartment modell ZHL-12 with 16 compartments and 
12 different pairs of coefficients.
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Kick-off Meeting: 
defined and detailed 
specifications for the 
new tables to be 
created and ….
to be adopted by the 
Swiss Underwater 
Sports Federation

The `86 Air Diving Tables: Initialization
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The `86 Air Diving Tables: The Ascent Ramp (1)

Diagrams courtesy of Dr. K. Meier-Ewert

Start at 0m asl. with all compartments 
fully adapted; immediate dive at altitude 
upon arrival.
For the 86 table, a ramp of 1hr from 
700m to 2500m a.s.l. was assumed. 
Desaturation was calculated with strict 
solution of differential equation.
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The `86 Air Diving Tables: The Ascent Ramp (2a)

Effect of Ascent Ramp 701->2500m a.s.l. in 60min
- Relative saturation increases significantly
- Longer –half-times do not react significantly
- Tolerated tissue pressure decreases significantly!

Aufstiegszeit zur Zielhöhe 60 min Start-Höhe 0 701 m Ziel-Höhe H1 2500 m
dH/dt 29.98 m/min pamb 0.931 bar pamb 0.750 bar

dp_N2alv/dt -0.00238151 bar/min f_N2 0.790 --- f_N2 0.790 ---
pN2-insp 0.736 bar pN2-insp 0.593 bar

pN2-alv 0.678 bar pN2-alv 0.535 bar

ZHL-16B tH RG a b k p_TN2tol-
Hoehe 0

p_TN2init-
Hoehe 0

SAT (H0) p_TN2tol-
Hoehe 1

p_TN2arrival-
Höhe 1

SAT (H1)

# [min] Code [bar] [---] [1/min] [bar] [bar] [%] [bar] [bar] [%]
1 4 A 1.2599 0.5050 0.17329 3.104 0.678 21.83% 2.746 0.548 19.97%
2 8 B 1.0000 0.6514 0.08664 2.430 0.678 27.89% 2.152 0.562 26.12%
3 12.5 C 0.8618 0.7222 0.05545 2.151 0.678 31.49% 1.901 0.576 30.31%
4 18.5 D 0.7562 0.7825 0.03747 1.946 0.678 34.81% 1.715 0.591 34.49%
5 27 E 0.6667 0.8126 0.02567 1.813 0.678 37.38% 1.590 0.608 38.21%
6 38.3 F 0.5600 0.8434 0.01810 1.664 0.678 40.71% 1.450 0.622 42.89%
7 54.3 G 0.4947 0.8693 0.01277 1.566 0.678 43.27% 1.358 0.634 46.72%
8 77 H 0.4500 0.8910 0.00900 1.495 0.678 45.31% 1.292 0.645 49.92%
9 109 I 0.4187 0.9092 0.00636 1.443 0.678 46.95% 1.244 0.653 52.53%
10 146 J 0.3798 0.9222 0.00475 1.390 0.678 48.76% 1.193 0.659 55.22%
11 187 K 0.3497 0.9319 0.00371 1.349 0.678 50.23% 1.155 0.663 57.39%
12 239 L 0.3223 0.9403 0.00290 1.313 0.678 51.62% 1.120 0.666 59.43%
13 305 M 0.2850 0.9477 0.00227 1.268 0.678 53.45% 1.077 0.668 62.06%
14 390 N 0.2737 0.9544 0.00178 1.249 0.678 54.23% 1.060 0.670 63.23%
15 498 O 0.2523 0.9602 0.00139 1.222 0.678 55.44% 1.034 0.672 64.98%
16 635 P 0.2327 0.9653 0.00109 1.197 0.678 56.58% 1.010 0.673 66.63%
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The `86 Air Diving Tables: The Ascent Ramp (2b)

Effect of Ascent Ramp 701->2500m a.s.l. in 60min
- Relativ saturation increases significantly
- Longer –half-times do not react significantly
- Tolerated tissue pressure decreases significantly!

Aufstiegszeit zur Zielhöhe 60 min
dH/dt 29.98 m/min

dp_N2alv/dt -0.00238151 bar/min
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The `86 Air Diving Tables: No Decompression Limits (1)

All combinations of descent and ascent rates checked with fixed and variable 
safety margins for depth and for the relevant compartment half-times

-> today‘s methods: 
ref. to Appendices!
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New No-decompression limits; more conservative 
than other contemporary tables.
Most other tables NOT suitable above sea level.

GERS tables definitely off-limits.

Compare DCIEM NDL, almost identical from 15m 
on; DCIEM model is a serial compartment model 
with asymmetrical saturation / desaturation. 

The `86 Air Diving Tables: No Decompression Limits (2)

Later addendum of 1989 
for long exposition times
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The `86 Air Diving Tables: No Decompression Limits (3a)
Values and comparison of today‘s calculations (1)

Values attained by using ZHL-12 and ZHL-16B

Altitude range [m a.s.l.] 0-0 0-700 701-2500 2501-4500 4400-4800
Altitude of adaption [m a.s.l.] 0 0 701 4500 4400

Altitude of calculated dive [m a.s.l.] 0 700 2500 4500 4800
Ramp to upper range limit [hr] no no 1 no 6

Surface Interval  at dive site before dive [hr] >24 0 0 >24 3
6 1473 1110 714 663 667
9 475 349 238 204 167

12 139 125 99 88 86
15 81 75 62 50 56
18 55 51 44 32 39
21 40 35 30 22 27
24 28 25 22 16 20
27 22 20 18 14 16
30 18 17 15 11 14
33 15 14 12 9 12
36 13 12 10 8 10
39 11 10 9 7 9
42 10 9 8 7 8
45 9 8 7 6 7
48 8 7 6 6 6
51 7 6 6 5 5
54 6 6 5 5 5
57 5 5 4 4 4
60 5 4 4 4 3

bold values: as published on tables
blue values: added by calculation

NDL times in [min]

D
ep

th
 [m

]
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The `86 Air Diving Tables: No Decompression Limits (3b)
Values and comparison of today‘s calculations (2)
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The `86 Air Diving Tables: all other profiles (1)
Step by step / way-point by way-point / tissue by tissue 
calculation for all depth time combinations 

Note the change from one 
leading tissue to the next or 
overnext one during ascent 
and deco stops!
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The `86 Air Diving Tables: all other profiles (2)

Diagram courtesy of Dr. K. Meier-Ewert

RG at end of dive = letter code of 
leading tissue when surfacing.
When next following tissue was 
also saturated to 95%+, then that 
letter code was taken for end-of-
dive RG.
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The `86 Air Diving Tables: Surface Interval (SI) table 

Due to lack of scientific 
data at that time (!), no 
shunt effect included.
Effect is masked and 
compensated by safety 
margins and rounding 
rules.
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The `86 Air Diving Tables: „Smoothing“ of Residual 
Nitrogen Time table RNT (1)

Splines: mostly sequential 
representation of real function 
by polynominals 3rd ordre.
At the interfaces of the seg-
ments, the functions must be 
twice continuously differen-
tiable.
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The `86 Air Diving Tables: „Smoothing“ of Residual 
Nitrogen Time table RNT (2)
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1000ft = 
304.8m

1615m

2103m

Boeing 767

The `86 Air Diving Tables: Flying after Diving (1)

„Cabin altitude“ vs. cruising altitude

1800m (today‘s target: B787 „Dreamliner“)

control panel of 
older aircraft
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The `86 Air Diving Tables: Flying after Diving (2a)
„Cabin altitude“ vs. cruising altitude

Note how on the takeoff roll, the 
airplane starts to pressurize to 0.1 PSI 
differential pressure.

That means that in fact your pressure 
altitude inside the cabin will be above 
the pressure altitude of the airstrip.
This guarantees a smooth transition 
into the climb.

This additional amount of pressure 
mustn't compromise the ability to 
quickly open the doors in case of 
emergency, so pressure differential is 
limited. On a B737-NG, the differential 
is 0.125 PSI (9 hPa). This is equiva-
lent to an altitude 236 ft below the 
runway.

In the climb the cabin altitude increases with the air-
plane's altitude, though at a lower rate, meaning the 
cabin climbs slower, smoother and to a lower max 
level.

Source: https://www.quora.com
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On this example of an Airbus 
A330 you can see the rate limits 
at the bottom of the graph.
Notice how the cabin altitude will 
be limited to + 1,000 feet per 
minute in the climb and to - 750 
feet per minute in descend.
In cruise, any adjustments will be 
less than +/- 300 feet per minute.

The `86 Air Diving Tables: Flying after Diving (2b)

„cabin altitude“ vs. aircraft cruising altitude

Normal passenger aircraft 
climbing rates: 
(between 10‘000 and 30‘000 ft)

A320: 2000-2200 ft/min const.
A319: from 3000 to 1500 ft/min
A321: from 1400 to 500 ft/min

Source: https://www.quora.com

Airbus 330
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The `86 Air Diving Tables: Flying after Diving (2c)

Source: https://aviation.stackexchange.com
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as of 1983

The `86 Air Diving Tables: Flying after Diving (3)

Höhe ü.M. Höhe ü.M. pamb-surf pO2 Luft
[m] [ft] [bar] [bar]

0 0 1.013 0.211
250 820 0.983 0.204
500 1'640 0.954 0.198
750 2'461 0.926 0.193

1'000 3'281 0.898 0.187
1'250 4'101 0.872 0.181
1'500 4'921 0.846 0.176
1'750 5'741 0.821 0.171
2'000 6'562 0.797 0.166
2'250 7'382 0.773 0.161
2'500 8'202 0.750 0.156
2'750 9'022 0.728 0.151
3'000 9'843 0.707 0.147
3'250 10'663 0.686 0.143
3'500 11'483 0.665 0.138
3'750 12'303 0.646 0.134
4'000 13'123 0.627 0.130
4'250 13'944 0.608 0.127
4'500 14'764 0.590 0.123
4'750 15'584 0.573 0.119
5'000 16'404 0.556 0.116
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For the table calculation a cabin 
pressure of 0.58 bar (corresp. to 
approx. 4600m) was assumed. 
This pressure is a trifle lower than 
the lowest possible pressure 
according to IATA rules (0.60bar), 
which is classified as a „tolerated 
technical deviation“.

„normal“ are approx. 0.77-0.8bar 
(approx. 2300-2000m on 35‘000  
to 39‘000ft).

The `86 Air Diving Tables: Flying after Diving (4a)

Typical values for A330:
Short flights <2.5Std.: 7460ft
Long flights: 8000ft:  

Typical values for A350:
All flights: 6000ft

Typical values for B747-400:
10 hrs flight
Altitude 34‘00ft/10300m: 0.843bar
Altitude 40‘000ft / 12‘200m: 0.792bar

Data of 2018

cabin 
pressure

equivalent 
cabine 

altitude

equivalent 
cabine 

altitude
(bar) (m a.s.l. (ft a.s.l.)

normal flight 0.77 2'300 7'546
max. tolerated technical deviation 0.60 4'250 13'944
max. single failure 0.55 4'800 15'748
triggering of masks 0.54 5'000 16'404
Asumption for table calculations 0.58-0.60 4'400 14'436

Situation

(data as of 1986 by Lufthansa)

venting valve
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The `86 Air Diving Tables: Flying after Diving (4aa)

If the masks drop down, 
you should not care too 
much about DCS….

but having you credit 
card ready for paying 
the extra oxygen!

modern (B757, 767) 
control panel

Jet Airways, B737, real 
incident in Mumbai
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The `86 Air Diving Tables: Flying after Diving (4b)

Parametric calculation for each tissue with varying cabin pressures 
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The `86 Air Diving Tables: Flying after Diving (5a)

Result: an adequat consistent and coherent system which 
is – just another benefit – easy to use.
Table is intentionally limited to RG=H, because this is 
on the outer edge of recreational sports diving.
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It was shown that especially longer dives at 
shallow depths led to longer desaturation times 
and waiting times for flying. 
Obvious reason: for these profiles, the leading 
compartments are those with longer halftimes 
which 
a) have lower inert gas tissue limits and 
b) require more time to desaturate.

Table is limited to RG=H, because this is on 
the outer edge of recreational sports diving.

The `86 Air Diving Tables: Flying after Diving (5b)
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The `86 Air Diving Tables: Crossing a Pass and 
Flying in non-pressurized Aircrafts
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The `86 Air Diving Tables: Number crunching behind…

Professor Bühlmann as  a 
numerical wizard…..

repeated iterations of corrections 
and refinements…..



Bühlmann Memorial Symposium 2019

The `86 Air Diving Tables: Decision for Introduction

Sucessful 
Termination
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The `86 Air Diving Tables: Final report to the Instructor 
in Chief
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The `86 Air Diving Tables: Presentation to the Public

 2 forms for usage:
- paper print
- plastified version

 2 sets of diving tables for different altitude ranges
- 0 – 700m a.s.l. (complete adaption at sea level, immediate dive at 700m)
- 701 – 2500m a.s.l. (complete adaption at 700m,  drive to 2500m in 1 hr, 

immediate dive)
 1 Surface Intervall Table (SIT)  for 0-2500m a.s.l.  including

- Time for almost complete desaturation for each RG at end of dive
- Waiting Time for Flying after diving in pressurized aircrafts

 1 Residual Nitrogen Table (RNT) for 0-2500m a.s.l.
 1 Table for Waiting Times for Flying after diving in non-pressurized aircrafts 

and for crossing a pass (up to 4000m a.s.l.)
 Handling rules for all tables 

The final „product“: the air diving tables of `86 (1)
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The `86 Air Diving Tables: Printed version of tables

Printed paper version; it is agreed that diving beyond 40m (absolute) is regarded in most 
jurisdictions as an voluntary risk, which may have legal consequences. 

The final „product“: the air diving tables of `86 (2)
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Set of plastified carry-on uw tables (in German, French, English) for both altitude ranges. 
Slightly reduced number of depth-bottom time combinations compared to printed paper version.

The `86 Air Diving Tables: Plastified version of tables
The final „product“: the air diving tables of `86 (3)
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Tools and Technical 
Support behind
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First try… (HP97; 224 
programmable steps; 
reverse Polish notation)

parallel…
(IBM 3033 and 3081; 
Fortran Program)

Tools and Technical Support behind (1)

2nd try: Compaq portable III; 
Turbo Basic
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Tools and Technical Support behind (2)



Bühlmann Memorial Symposium 2019

Later program version in Turbo Basic on a carry-on Compac PC

Tools and Technical Support behind (3)

Note: as 
long as you 
don‘t know 
all this 
governing 
parameters, 
any 
discussion 
on a table is 
useless!
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Tools and Technical Support behind (4)
Kind support of Dr. Klaus Meier-Ewert, Germany, Physicist, Diving Instructor 
and Computer Expert
Cross-Checks done on IBM-mainframe

(†1989) 
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Another personal check in  
Prof. Bühlmann‘s own 
handwriting; as already 
mentioned he did all 
calculations with a small 
hand-held „calculator“

Tools and Technical Support behind (5)
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Lake Titicaca Trials
(1987)
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Lake Titicaca Trials; Bolivia, 3800m a.s.l. (1)

BSAC Diving Officer‘s 
Conference, London, 
Nov. 1986
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Lake Titicaca Trials; Bolivia, 3800m a.s.l. (2)

First version of 
table;
calculated for 
exact altitude 
(3800m); fully 
adapted; without 
safety margins for 
depth
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Lake Titicaca Trials; Bolivia, 3800m a.s.l. (3)

First version of 
NDL-table;
calculated for exact 
altitude (3800m); 
fully adapted; 
without safety 
margins for depth;
v_Dsct=20m/min

No-decompression limits
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Lake Titicaca Trials; Bolivia, 3800m a.s.l. (4)

Final table, calculated for up to 
4500m (reason was also a 
probable evacuation flight with 
helicopter).

Parameters:
- ZHL-16B
- Fully adapted
- Upper altitude limit: 4500m a.s.l.
- Added safety margins for depth
- descent rate of 20m/min
- ascent rate of 10m/min
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Statement of the then British Ambassador 
in Bolivia at the arrival at La Paz airport:

Lake Titicaca; Bolivia, 3800m a.s.l. (5)

To save the honor of Switzerland, it must be said that the Swiss 
Embassador also gave a farewell party to the expedition team.

„Gentlemen, whatever happens, 
stay British!“
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Lake Titicaca; Bolivia, 3800m a.s.l. (6a)
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Lake Titicaca; Bolivia, 3800m a.s.l. (6b)
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Lake Titicaca; Bolivia, 3800m a.s.l. (7)

Safely back 
home!
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Lake Titicaca; Bolivia, 3800m a.s.l. (8)

Report: 78 pages,
3 weeks, 17 divers, 290 dives, 
5-39m, BT=11-52min
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could that be a 
secret tactic of 
the British army?

other tables 
found not to be 
conservative 
enough…

Lake Titicaca; Bolivia, 3800m a.s.l. (9)

 results further down
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Lago di Lucendro Trials
(1984-88)
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Lago di Lucendro; Gotthard, 2134m a.s.l.; 23.8.1986 (1)

Lago di Lucendro Trials (1)
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Lago di Lucendro Trials (2)

2 days, 14 divers, 16 dives, 29-37m, BT=15-18min
(from 1984-88: 50-60 divers, 55-60 dives)
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Lago di Lucendro Trials (3a)

…a bit of adventure….
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The very best always comes at 
the end!

Lago di Lucendro Trials (3b)
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Lago di Lucendro Trials (4)
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Muttsee Trials
(1988)
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(left to right: E. Völlm, B. Müller, E. Lochbronner at preliminary dives 
Muttsee, 1988)

First reconnoiter dives (August); 2500m a.s.l.; 1988 

Muttsee Trials (1)

…still the 
highest dives 
ever made in 
the Alpes!
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Muttsee Trials (2)
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Muttsee Trials (3)

+

+
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Muttsee Trials (4)

Administrative / Logistics documentation
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Muttsee Trials (5)
Dive Logs

2 days
15 divers
52 (56 dives)
28 first dives
24 repet. dives
depths= 24-58m
BT=12-25min
4 symptoms
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Summary, filled 
out after dive

Muttsee Trials (6a)

Protocol data, recorded every 1-2minutes and written on a wrist-slate
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Protocol data transferred from wrist slate notices, filled 
out during the dive; Deco Brain readings (here: P2-2).

Summary, filed 
out after dive

Muttsee Trials (6b)
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Muttsee Trials (7)

RG:
F (38.3‘),
G (54.3‘)

*  calculated 
with ZHL-16A

G. Götte

2 days, 15 divers, 
56 dives, 24-58m
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Muttsee Trials (8)

 results further down
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Dives at Mount Kenia
(1988)
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• „private expedition of 2 Swiss individuals 
(M. Weber, W. Keusen)

• at that time M. Weber was living in Kenia 
at approx. 1800m

• W. Keusen came directly from Switzerland
• both used special designed Aladins
• breathing gas was air only
• all dives with dry suits
• on ascent an intermediate stop was done 

at approx. 3500m
• overall duration 8-10 days 
• in total 18 dives between approx. 4400m 

and 4780m
• depths in the range of 10m-15m, bottom 

times 20-30min
• No DCS symptoms of any kind but 

exhaustion due to lack of enough oxygen

Dives at Mount Kenia 1988

(data obtained from private communication with Mr. Weber)
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Results and 
Consequences

 For more details ref. to Appendices
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Results and Consequences (1)
(all data from the period of 1981-1991)

The testing and operational „envelope“:

• Extremely broad range of diving candidates
• Altitudes from 0 to 4780m asl (chamber: 4200m asl)
• Single and repetitive dives (up to 3 consecutives); surface intervals

from 10-120min
• Tests done with drastically reduced stop times
• Chamber and real dives
• Depths down to 500m and even 575m (chamber)
• Bounce dives and saturation dives (30m – 220m)
• Recreational dives and hyperbaric work, from minutes to hours
• Tables and computer with several 100‘000 real dives
• Air, nitrox, heliox, other mixed-gases, O2 decompression
• Extremely reliable for multi-gas diving and adaption
• In short: one of the best tested and proofed systems ever!

 For more details ref. to Appendices
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for just ONE tissue 
(tH=54.3min) Careful analysis of hundred of 

dive profiles executed with 
dive computers led to a 
refinement of the underlying 
set of coefficients towards 
higher tolerated ambient 
pressures (reduced gradients) 
for a given tissue inert gas 
pressure.

It also shows the dramatic 
change compared to US-Navy 
and the original ZHL-12 limits.

Results and Consequences (2)
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Results and Consequences (3)
Comparison of NDL (1)

Values attained by using ZHL-12 and ZHL-16B

Altitude range [m a.s.l.] 0-0 0-700 701-2500 2501-4500 4400-4800
Altitude of adaption [m a.s.l.] 0 0 701 4500 4400

Altitude of calculated dive [m a.s.l.] 0 700 2500 4500 4800
Ramp to upper range limit [hr] no no 1 no 6

Surface Interval  at dive site before dive [hr] >24 0 0 >24 3
6
9 475 349 238 204 167

12 139 125 99 88 86
15 81 75 62 50 56
18 55 51 44 32 39
21 40 35 30 22 27
24 28 25 22 16 20
27 22 20 18 14 16
30 18 17 15 11 14
33 15 14 12 9 12
36 13 12 10 8 10
39 11 10 9 7 9
42 10 9 8 7 8
45 9 8 7 6 7
48 8 7 6 6 6
51 7 6 6 5 5
54 6 6 5 5 5
57 5 5 4 4 4
60 5 4 4 4 3

bold values: as published on tables
blue values: added by calculation

NDL times in [min]

D
ep

th
 [m

]
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Results and Consequences (4)
Comparison of NDL (2)



Bühlmann Memorial Symposium 2019

• A verified set of 16 tissue 
group halftimes and their 
coefficients a,b for air with 
adaption to table- and 
computer use. 

• A similar set exists for 
Helium.

• With more than 1 inert gas 
breathed, resulting factors  
a, b  are calculated on the 
basis of their momentary 
tissue pressures.  

The final System ZHL-16 (as published)

Results and Consequences (5)
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Results and Consequences (6)

Termination of project:
Report at the Annual 
Instructor Meeting 1989
(summary of all high altitudes 
test dives from 1984 to 1988)



Bühlmann Memorial Symposium 2019

Practical Applications 
and

Special Environments
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Excursion: Decompression in Space (Bühlmann‘s involvement with NASA)

 ref. to 
Appencies

Ambient pressure in space craft: 5 ->10.2 -> 14.7 psi
O2-content: 100% O2 -> 26.5% -> 21% (today)

Ambient pressure in EVA suit: 3.75-5.8 psi
O2-content: 100% O2

pN2-SC / ptot-EVA (max) = 14.7*0.79/:4 = 2.9 (too high!)
take longest half-time -> max. pN2-ratio = 1.27
EVA O2 pre-breathe time: approx. 30min

EVA: extra-vehicular activity

Practical Applications and Special Environments:
Space (1) 
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Practical Applications and Special Environments:
Space (2) 
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Practical Applications and Special Environments:
Space (3) 
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Calculation of special tables for Olivier Isler‘s Doux de Coly 
Expedition and his push dives with OC systems (1989)

Practical Applications and Special Environments:
Cave Diving (1)

4 x 20l/200bar OC



Bühlmann Memorial Symposium 2019

Calculation of special tables for Olivier Isler‘s Doux de Coly Expedition 
and his push dives in 1989 with OC systems.

Two  years later, in 1991, Isler reached 4’055 meters (13’303 feet) in Doux de Coly 
with his self-developed RI-2000 double-rebreather. In 1998, Isler arrives at 4’250m 
at a depth of -35m.

Practical Applications and Special Environments:
Cave Diving (2)
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Calculated inert gas uptake and elimination with gas switches 
for decompression (Tmx, EAN50; O2, air)

ZHL-16x used as a basis 
for calculation algorithms in 
various decompression 
computers AND simulation 
software.
It has been further refined 
by the Gradient Factor 
Method, popular  with 
technical divers.

Practical Applications and Special Environments:
Multi-Gas Technical  Diving
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…and many, many more…

Practical Applications and Special Environments:
Diving Computers
Models: Bühlmann, RGBM, VPM, combined; gas- or non gas-integrated; storage of up to 10 
different gases

 results from Deco Brain Trials in Appendices
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Thank you for your attendance!
…and don‘t let the DKL die!
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Contact the author:

Beat Müller
Grossmattstr. 8

CH-8964 Rudolfstetten
+41 56 631 25 25

btmueller@bluewin.ch

Request for ppt-presentation: use order form or send request 
to btmueller@bluewin.ch
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Appendices
(not shown during presentation)
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Appendices (not shown)
• Program and Faculty Members of the

Symposium 2019 (4 frames)
• References (4 frames)
• Further Publications (3 frames)
• The Deep Diving Research Laboratory of

the University Hospital of Zurich (DKL) (15 frames)
• Early Deep Diving  Trials (6 frames)
• Perfusion- and Diffusion based models (6 frames)
• The Linear Perfusion Models ZHL-12/16 (8 frames)
• Parametric NDL calculations today (6 frames)
• Parameters for Bühlmann `86 Air Diving

Tables and later developments (3 frames)
• Results and consequences (details) (9 frames)
• Barometric Pressure as a function of

Altitude (2 frames)
• Seawater Density (2 frames)
• Deco Brain Trials (9 frames)
• Decompression Problems in Space (6 frames)
• About the Author (3 frames)
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Program and Faculty 
Members of the 

Symposium 2019
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Program of the Symposium 2019 (1)
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Program of the Symposium 2019 (2)
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The Faculty Members of the Symposium 2019

Dr. jur. T. Bühlmann 
(son)

Prof. J. Kot (PL)
EUBS

Prof. A. Marroni (It)
DAN Europe

Dipl. Phys. A. Salm
SubMarine Cons.

Dipl. Ing. E. Völlm 
(ex Aladin&UEMIS)

Dipl. Ing. B. Müller
(ex Res. Assoc.)

Dr. J. Wendling, 
DAN Europe

Dr. Chr. Wölfel, 
SUHMS
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Further Publications
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Some of his publications

1961 (#1 to #5)
„The way into depth“

1st ed. 1952
2nd ed. 1958

Further Publications (1)



Bühlmann Memorial Symposium 2019

Different models, basic 
physiology of gas transport, 
DCS

Different models, 
„thermodynamic decompression“ 
(diffusion, bubble model), DCS

Gas transport, phase 
models, bubble-model

Further Publications (2)
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The Deep Diving Research 
Laboratory of the 

University Hospital of 
Zurich (DKL)
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16.5.1923 –
16.3.1994

Chamber at University Hospital 
Zurich; water tank module

The „Lab“ and the men behind (1)
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The „Lab“ and the men behind (2)
The old chamber installation
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The „Lab“ and the men behind (3)
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The „Lab“ and the men behind (4)
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The „Lab“ and the men behind (5)

Link to Photo Galery: http://www.swiss-cave-diving.ch/gallery/DKL-Zuerich/DKL-ZH.html
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The „Lab“ and the men behind (6)
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The „Lab“ and the men behind (7)
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The „Lab“ and the men behind (8)

Livio de Toffol 
ca. 1977

Livio de Toffol 
2018
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The „Lab“ and the men behind (9)

…after a 
successful trial 
(chamber dive)

Mr. de Toffol

Mr. B. Schenk, former Technical 
Director of the DKL

Prof. A.A. Bühlmann
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The „Lab“ and the men behind (10a)
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The „Lab“ and the men behind (10b)
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The „Lab“ and the men behind (10c)
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The „Lab“ and the men behind (11)
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The „Lab“ and the men behind (12)
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Early Deep Diving Trials
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Birth of a new model: Early deep dives with Hannes Keller (1)

Toulon, French 
Navy, 25. April 1961

300m and 220m 
Heliox dives

H. Keller & A.A. Bühlmann

H. Keller  ca. 2005 Capt Stover USN….
Cmdr de Croulard, GERS

Early Deep Diving Trials (1)

Trials with French 
Navy 1961; 300m
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Birth of a new model: Early deep dives with Hannes Keller (2a)

Toulon, French 
Navy, 4 November 
1960

Early trials to 60m 
and 250m

Bottom time: 15 and 
10min

French staff
Keller

Early Deep Diving Trials (2)
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Birth of a new model: Early deep dives with Hannes Keller (2b)

Toulon, French 
Navy, 25. April 1961

300m and 220m 
dives within 2 days!

Bottom time: 10 and 
18min

Early Deep Diving Trials (3)
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Birth of a new model: Early deep dives with Hannes Keller (3)

San Diego, off 
Catalina Island, 
US Navy, 
December 3, 1962

First 1020ft dive 
ever made by 
humans

Peter Small, who died of annoxia shortly afterwards

Early Deep Diving Trials (4a)
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Early Deep Diving Trials (4b)
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Birth of a new model: Early deep dives with Hannes Keller (4)

Gas mixtures breathed through mask:
Bottom: 8% O2 / 92% He
500ft:  15% O2 / 60% He / 25% N2
165ft:  30% O2 / 70% N2
133ft:  50% O2 / 50% N2
50ft:  100% O2

(the bell was filled with air. So after 
cut of external mixture supply from 
outside tanks at bottom, Keller was 
forced to breathe air on 300m / 
30bar!) 

Early Deep Diving Trials (5)

Triumph and Tragedy at once
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Perfusion- and 
Diffusion based 

models
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General overview on models: concepts (1)

Two rather different concepts have been used for decompression modelling: 

• The first assumes that dissolved gas is eliminated while in the dissolved 
phase, and that bubbles are not formed during asymptomatic decompression. 

• The second, which is supported
by experimental observation, 
assumes that bubbles are formed
during most asymptomatic decom-
pressions, and that gas elimination
must consider both dissolved
gas - and bubble phases.

Perfusion- and Diffusion based models (1)
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General overview on models: dissolved phase types (2)
Early decompression models tended to use the dissolved phase 
models, and adjusted them by more or less arbitrary factors to 
reduce the risk of symptomatic bubble formation. Dissolved phase 
models are of two main groups:

• Parallel compartment models, where several compartments 
with varying rates of gas absorption (half time), are considered 
to exist independently of each other, and the limiting condition is 
controlled by the compartment which shows the worst case for 
a specific exposure profile. These compartments represent 
conceptual tissues and are not intended to represent specific 
organic tissues, merely to represent the range of possibilities for 
the organic tissues. 

• The second group uses serial compartments, where gas is 
assumed to diffuse through one compartment before it reaches 
the next.

• A recent variation on the serial compartment model is the 
Goldman interconnected compartment model (ICM).

Different types of dissolved gas models

Perfusion- and Diffusion based models (2)
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General overview on models: outgassing mechanics (3)
The critical supersaturation approach

The no-supersaturation approach

The critical volume approach
The critical-volume criterion assumes that whenever the total volume of gas phase accumulated in the tissues 
exceeds a critical value, signs or symptoms of DCS will appear. This assumption is supported by doppler 
bubble detection surveys. The consequences of this approach depend strongly on the bubble formation and 
growth model used, primarily whether bubble formation is practicably avoidable during decompression.

According to the thermodynamic model of Hugh LeMessurier and Brian A. Hills, this condition of optimum 
driving force for outgassing is satisfied when the ambient pressure is just sufficient to prevent phase 
separation (bubble formation). 
The model assumes that the natural unsaturation in the tissues due to metabolic reduction in oxygen 
partial pressure provides the buffer against bubble formation, and that the tissue may be safely 
decompressed provided that the reduction in ambient pressure does not exceed this unsaturation value. 
The natural unsaturation increases with depth.

J.S. Haldane first used a (fixed) critical pressure ratio between the sum of the inert gas in each tissue and 
the surrounding ambient pressure. Further research by Workmann, Bühlmann et al. suggested that the 
criterion was not the ratio of pressures, but the actual pressure differentials. 
At a given ambient pressure, the M-value is the maximum value of absolute inert gas pressure that a tissue 
compartment can take without symptoms of DCS. M-values are limits for the tolerated gradient between 
inert gas pressure and ambient pressure in each compartment

Perfusion- and Diffusion based models (3)
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General overview on models: general remarks/conclusions (4)

 More recent models attempt to model bubble dynamics, also by simplified 
models, to facilitate the computation of tables, and later to allow real time 
predictions during a dive. 
The models used to approximate bubble dynamics are varied, and range from 
those which are not much more complex that the dissolved phase models, to 
those which require considerably greater computational power.

 None of the decompression models can be shown to be an accurate 
representation of the physiological processes, although interpretations of the 
mathematical models have been proposed which correspond with various 
hypotheses. 
They are all approximations which predict reality to a greater or lesser extent, 
and are acceptably reliable only within the bounds of calibration against 
collected experimental data.

Perfusion- and Diffusion based models (4)
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Perfusion- and Diffusion based models (5)

DCIEM (Canada) serial 4 compartment model

(Source: DEVELOPMENT OF THE DCIEM 1983 DECOMPRESSION 
MODEL FOR COMPRESSED AIR DIVING, September 1984, DCIEM 
No. 84-R-44, R.Y. Nishi, G.R. Lauckner. Defence and Civil Institute of 
Environmental Medicine, Ontario, Canada)



Bühlmann Memorial Symposium 2019

The Linear 
Perfusion Models 

ZHL-12/16
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What do the factors a, b represent?

ambient pressure
p_amb [bar]

tissue inert gas 
pressure p_TIG 

[bar]

1 bar 
(= sea level)

0 bar 
(= vacuum)

intercept at 0 
bar p_amb =

given ambient
pressure

max. tolerated tissue
pressure at given
ambient pressure

b = 1 / z = inverse of
slope

slope z = ---------

pamb_tol = (pTIG – a) * b

or pamb

or pTIG

y generally:  y = f(x)

pTIG

pamb

Bühlmann:

1

1

2

2 given tissue inert 
gas pressure

pTIG_tol = a + --- * pamb
1
b

y
x

minimum tolerated 
ambient pressure 
for given tissue 
inert gas pressure

or

= a + z * x (equation for straight line)

= ----------

(= the famous 
„Bühlmann equation“)

0

The Linear Perfusion Models ZHL12/16 (1)

xa

y

x
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The former System ZHL-12 (1983, already modified)

The Linear Perfusion Models ZHL12/16 (2a)
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The former System ZHL-12 (1983, already modified)

The Linear Perfusion Models ZHL12/16 (2b)
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The Linear Perfusion Models ZHL12/16 (2c)

As originally planned 
for SUSV / VDST 
tables.
Some minor adaptins 
were later made 
towards ZHL-16B. 
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HWZ (tH) Letter a b
# [min] Code [bar] [---]
1 th=2.65' A 2.2000 0.8200
2 th=7.94' B 1.5000 0.8200
3 th=12.2' C 1.0500 0.8250
4 th=18.5' D 0.9000 0.8350
5 th=26.5' E 0.7500 0.8450
6 th=37' F 0.6000 0.8600
7 th=53' G 0.4500 0.8700
8 th=79' H 0.4300 0.8900
9 th=114' I 0.4300 0.8900

10 th=146' J 0.4300 0.9310
11 th=185' K 0.4300 0.9310
12 th=238' L 0.3500 0.9430
13 th=304' M 0.2300 0.9620
14 th=397' N 0.2300 0.9620
15 th=504' O 0.2300 0.9620
16 th=635' P 0.2300 0.9620

From: Decompression – Decompression Sicknes, 1983

The former System ZHL-12 (as published)

The Linear Perfusion Models ZHL12/16 (2d)



Bühlmann Memorial Symposium 2019

• A verified set of 16 tissue 
group halftimes and their 
factors a,b for air with 
adaption to table- and 
computer use. 

• A similar set exists for 
Helium.

• With more than 1 inert gas 
breathed, resulting factors  
a, b  are calculated on the 
base of their momentary 
tissue pressures.  

The Linear Perfusion Models ZHL12/16 (3a)

The new System ZHL-16 (as published)
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HWZ (tH) Letter a b
# [min] Code [bar] [---]
1 th=4' A 1.2599 0.5050
2 th=8' B 1.0000 0.6514
3 th=12.5' C 0.8618 0.7222
4 th=18.5' D 0.7562 0.7825
5 th=27' E 0.6667 0.8126
6 th=38.3 F 0.5600 0.8434
7 th=54.3' G 0.4947 0.8693
8 th=77' H 0.4500 0.8910
9 th=109' I 0.4187 0.9092

10 th=146' J 0.3798 0.9222
11 th=187' K 0.3497 0.9319
12 th=239' L 0.3223 0.9403
13 th=305' M 0.2850 0.9477
14 th=390' N 0.2737 0.9544
15 th=498' O 0.2523 0.9602
16 th=635' P 0.2327 0.9653

The Linear Perfusion Models ZHL12/16 (3b)

The new System ZHL-16 (as published)
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Parametric NDL 
calculations today
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Parametric NDL calculations today…. (1)

T_eff. 
(eff. depth)

Höhe 2 
(alt. 2) 

Höhe 1 
(alt. 1) 

Höhe 2 
(alt. 2) 

0 H1

3

1 2

NZ (NDL)

0 H2 0‘ H2

TZ (DT)

AufTZ (AscT)

OflZ (SIT)

AbTZ (DscT)

T_safety
T Ramp



Bühlmann Memorial Symposium 2019

Parametric NDL calculations today…. (2)
              in Abhängigkeit von der Abstiegs- u. Auftstiegsrampe,  
            der Höhe und des Atemgasgemisches während des TG's

Physikalische Konstanten und Atemgas
alf_N2surf 0.790 -- dp_H2O/dT 1.0000 bar/10m p_H2O 0.0628 bar
alf_N2TG 0.790 -- k_resp 0.8 -- p_CO2 0.0533 bar

Umgebungsbedingungen
Höhe 1 0 m ü.M. psurf_H1 1.0132 bar p_alv-N2_H1 0.7613 bar

dt_Ramp12 0 min dpN2/dt_R 99999.999 bar/min    
Höhe 2 0 m ü.M. psurf_H2 1.0132 bar p_alv-N2_H2 0.7613 bar

dt_Adapt2 0 min p_alv-N2_H2TG 0.7613 bar
pO2_H2TG 0.2024 bar

Gewebemodell (ZHL-12) Max. Gewebewerte
nr. tH a b k pTIGmax1 pTIGmax2
-- min bar -- 1 / min bar bar
1 4.0 1.9000 0.8000 0.173287 3.1665 3.1665
2 8.0 1.4500 0.8000 0.086643 2.7165 2.7165
3 12.5 1.0300 0.8000 0.055452 2.2965 2.2965
4 18.5 0.8820 0.8260 0.037467 2.1086 2.1086
5 27.0 0.7170 0.8450 0.025672 1.9161 1.9161
6 38.3 0.5750 0.8600 0.018098 1.7531 1.7531
7 54.3 0.4680 0.8700 0.012765 1.6326 1.6326
8 77.0 0.4410 0.9030 0.009002 1.5630 1.5630
9 109.0 0.4150 0.9080 0.006359 1.5309 1.5309

10 146.0 0.4160 0.9390 0.004748 1.4950 1.4950
11 187.0 0.3690 0.9460 0.003707 1.4400 1.4400
12 239.0 0.3690 0.9460 0.002900 1.4400 1.4400
13 305.0 0.2550 0.9620 0.002273 1.3082 1.3082
14 390.0 0.2550 0.9620 0.001777 1.3082 1.3082
15 498.0 0.2550 0.9620 0.001392 1.3082 1.3082
16 635.0 0.2550 0.9620 0.001092 1.3082 1.3082
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Parametric NDL calculations today…. (3)
Tiefe_nominell 18.0 m  Tiefe_effektiv 19.54 m

ptot_Tnomin [H2] 2.7315 bar  dT_surf 1.0 m
pN2_Tnomin [H2] 2.1188 bar  dT_rel 3.0 %
pO2_Tnomin [H2] 0.5632 bar ptot_Teff [H2] 2.8855 bar

  pN2_Teff [H2] 2.2405 bar
Beachte: Tauchgang findet auf Höhe 2 statt ! pO2_Teff [H2] 0.5956 bar

  ABstieg: dt_dsct 0.60000 min --> v_dsct 30.00000 m/min dpN2/dt_Dsct 2.37 bar/min
 AUFstieg: v_asct 10.000 m/min -> dt_asct 1.80000 min dpN2/dt_Asct -0.79 bar/min

nr. pTIG0_H1 pTIG0_H2 pTIG0_H2' PTIG1 pTIG2' NZ_tH' pTIG2 pTIG3 pT3/pmax2 pT3/pmax2
-- bar bar bar bar bar min bar bar [H1] % [H2] %
1 0.7613 0.7613 0.7613 0.8264 3.6843 9999.99 2.2403 2.0073 63.4 65.5
2 0.7613 0.7613 0.7613 0.7944 2.8212 9999.99 2.2221 2.1019 77.4 80.4
3 0.7613 0.7613 0.7613 0.7826 2.2782 9999.99 2.1514 2.0796 90.6 94.8
4 0.7613 0.7613 0.7613 0.7758 2.0523 55.37 2.0188 1.9785 93.8 98.4
5 0.7613 0.7613 0.7613 0.7713 1.8391 51.15 1.8376 1.8180 94.9 99.9
6 0.7613 0.7613 0.7613 0.7683 1.6666 52.65 1.6492 1.6413 93.6 99.0
7 0.7613 0.7613 0.7613 0.7663 1.5418 59.10 1.4658 1.4644 89.7 95.2
8 0.7613 0.7613 0.7613 0.7648 1.4737 73.32 1.3030 1.3047 83.5 88.6
9 0.7613 0.7613 0.7613 0.7638 1.4413 97.15 1.1687 1.1714 76.5 81.3
10 0.7613 0.7613 0.7613 0.7632 1.4081 121.42 1.0776 1.0804 72.3 76.7
11 0.7613 0.7613 0.7613 0.7628 1.3533 138.26 1.0146 1.0172 70.6 75.1
12 0.7613 0.7613 0.7613 0.7625 1.3534 176.64 0.9635 0.9658 67.1 71.3
13 0.7613 0.7613 0.7613 0.7622 1.2226 164.78 0.9222 0.9242 70.6 75.5
14 0.7613 0.7613 0.7613 0.7620 1.2227 210.70 0.8887 0.8904 68.1 72.8
15 0.7613 0.7613 0.7613 0.7619 1.2229 269.04 0.8621 0.8634 66.0 70.6
16 0.7613 0.7613 0.7613 0.7618 1.2230 343.05 0.8409 0.8420 64.4 68.8

Minimum aller NZ: 51.15 min
(abgerundete) NZ: 51.00 min
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Parametric NDL calculations today…. (4)

Tiefe: 18m untere Höhenlage 1: 0m Adaption Höhe 1: vollständig
obere Höhenlage 2: 0m Adaption Höhe 2: vollständig

5 10 15 20 25 30 9999

Step 1

Aufstiegs-Geschwindigkeit (m/min)

5 60.33 57.84 57.08 56.71 56.49 56.35 55.65
10 59.35 54.67
15 59.02 54.35
20 58.86 55.24 54.18
25 58.76 54.09
30 58.70 54.02

9999 58.37 55.88 55.12 54.76 54.54 54.39 53.70

- values at the 4 corners of the "envelope" 
- remaining values at the boundaries all around
-1 check value at the center (to detect a probable depression)
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Tiefe: 18m untere Höhenlage 1: 700m Adaption Höhe 1: vollständig
obere Höhenlage 2: 700m Adaption Höhe 2: vollständig

5 10 15 20 25 30 9999

Step 2

Aufstiegs-Geschwindigkeit (m/min)

5 56.54 52.56
10
15
20 52.00
25
30

9999 54.59 50.61

- values at the 4 corners of the "envelope"  -> comparison
- 1 check value at the center (to detect a probable depression)
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Parametric NDL calculations today…. (5)

Tiefe: 18m untere Höhenlage 1: 0m Adaption Höhe 1: vollständig
obere Höhenlage 2: 700m Adaption Höhe 2: keine

5 10 15 20 25 30 9999

Step 3

Aufstiegs-Geschwindigkeit (m/min)

5 54.96 52.85 52.2 51.89 51.7 51.58 50.98
10 53.94 49.96
15 53.6 49.62
20 53.43 50.35 49.45
25 53.33 49.35
30 52.26 51.15 49.28

9999 52.92 50.81 50.16 49.85 49.66 49.54 48.94

- values at the 4 corners -> comparison
- values at the boundaries all around -> comparison
- check value at the center (to detect a probable depression) -> comparison
- choose selected descent-/ascent rate and calculate the corresponding NDL for the table
- all remaining values just for academic interest
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In this particular case (18m, 0-700m a.s.l.) a NDL 
of 51 minutes was chosen and published.
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Bühlmann `86

Air Diving Tables
and later developments 
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Table Calculation Parameters (English version)

Parameters for Bühlmann `86 Air Diving Tables
and later developments (1) 
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Table Calculation Parameters (German version)

Parameters for Bühlmann `86 Air Diving Tables
and later developments (2) 
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(details)
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Results and Consequences (1)

, 2 muscles)

All data from the period of 1981-1991
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12m

Results and Consequences (2)

unknown no. of 14 divers,
123 dives, 30-44m, BT=10-40min
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Results and Consequences (3)
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Results and Consequences (4)
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No DCS for this depth/time 
combination Here, it looks differently….

Reason: most probably the shunt 
effects with delayed desaturation!

Results and Consequences (5)
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„problematic“ 
tissues (skin, 
muscles)

Results and Consequences (6)
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for just ONE tissue 
(tH=54.3min) Careful analysis of hundred of 

dive profiles executed with 
dive computers led to a 
refinement of the underlying 
set of coefficients towards 
higher tolerated ambient 
pressures (reduced gradients) 
for a given tissue inert gas 
pressure.

It also shows the dramatic 
change compared to US-Navy 
and the original ZHL-12 limits.

Results and Consequences (7)
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Several versions of the Bühlmann algorithm have been developed, both by Bühlmann and by later workers. The naming 
convention used to identify the algorithms is a code starting ZH-L, from Zürich (ZH), linear (L) followed by the number of 
tissue compartments or pairs of coefficients, and other unique identifiers. 
The term “linear” say that there is a linear functionality between the tissue inert gas pressure and the tolerated ambient 
pressure (the coefficients a, b describe a this linearity).
• ZHL-16 or ZH-L16A: The original 16 compartment algorithm (no conservatism at all).
• ZHL-16B: The 16 compartment algorithm modified for dive table production, using slightly more conservative “a” 

values, mainly in the middle compartments.[8] Recently used in dive computers with high performance processor units, 
is it more flexible (especially in tech dives) compared to the ZHL16C

• ZHL-16C:The 16 compartment algorithm with further modification to the middle and faster “a” values, intended for use 
in dive computers as a "package". It can be used with almost all low-level processor units but it is less flexible 
compared to the ZHL16B.

• ZHL-8: A version using a reduced number of tissue compartments to reduce the computational load for personal dive 
computers.

• ZHL-8 ADT: 8-compartment adaptive model used by Uwatec. This model may reduce the no-stop limit or require the 
diver to complete a compensatory decompression stop after an ascent rate violation, high work level during the dive, or 
low water temperature. This algorithm is used in computers which can accurately monitor air consumption and 
instantaneous rate of air consumption to model work load (exertion) via changes in the rate of gas consumption, which 
allows plausible modelling of additional decompression obligation based on exertion at depth. It also monitors ambient 
temperature and selects the choice of risk tissue accordingly. This results in earlier and longer decompression 
requirements in colder water.[9][10]

• ZHL-8 ADT MB: A version of the ZHL-8 ADT claimed to suppress microbubble formation.[9]
• ZHL–8 ADT MB PDIS: Profile-Determined Intermediate Stops.[11]
• ZHL-8 ADT MB PMG: Predictive Multi-Gas.
• ZHL-16 ADT DD: 16-compartment adaptive model used by Uwatec for their trimix-enabled computers. Modified in the 

middle compartments from the original ZHL-C, is adaptive to diver workload and includes Profile-Determined 
Intermediate Stops. Profile modification is by means of "MB Levels" rather than gradient factors[12]

• ZHL-12 original 16 tissue compartment model, but with just 12 pairs of coefficients

Different Versions of the Bühlmann Compartment Model

Source: Wikipedia
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Barometric Pressure as 
a function of Altitude



Bühlmann Memorial Symposium 2019

Barometric Pressure as a function of Altitude 
There are various methods (formulas) how
to calculate the surface ambient pressure 
as a function of the altitude.
In aviation, the ambient pressure is a most 
critical value to calibrate altimeters.
Ambient pressure sea level = 1.013 bar.

For diver, the following assumption is fair 
enough:
a) ambient pressure at sea level = 1.00 bar
b) decrease of ambient pressure = 0.1 bar / 

1000m altitude a.s.l, linear
Up to 4000m a.s.l., the error is neglectable.
The biggest deviation occurs at approxi-
matly 1800-2000m a.s.l. and is around
200m (0.02 bar).
For the calculation of the table, the ISO / 
IATA formula was used.

IATA / ISO
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Seawater density
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Seawater Density as Function of Temperature 
and Sality

•The density of seawater is determined by 
temperature, pressure, and salinity. 

•In the open ocean, the density of surface seawater 
varies between 1.022 and 1.03 grams per cubic 
centimeter (g/cm ) (a). 

•In tropical and subtropical regions (b) a 9°F (5°C) 
temperature difference (c) produces a density change 
of 0.0012 grams per cubic centimeter in seawater. 

•In polar regions (d) a 9°F (5°C) temperature difference 
(e) produces a density change of only 0.0004 grams 
per cubic centimeter. 

•In tropical and subtropical surface waters, temperature 
change has a greater influence on density, whereas in 
polar and cold temperate waters, salinity variation is of 
greater significance. 

•In the open ocean, the relative densities of water 
bodies are of great importance. Relative density 
determines which will rise and which will fall. These 
vertical movements in turn influence biological 
productivity and generate vertical and horizontal 
currents. 

Source: Marine Science; The Diagram Group
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Deco Brain Trials
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Deco Brain Trials(0a)
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Deco Brain Trials(0b)

Program P1 (just reading out stored table values; 
no real saturation- / desaturation calculation)
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Prof. Dr. H. Hass († 16. June 2013)

The very first version; casing in aluminum

Jürgen Hermann as young 
engineer († 2014)

Deco Brain Trials(1a)
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complete set as sold

Deco Brain Trials(1b)

advertising, technical specifications
From program P2 on real saturation- / 
desaturation calculation, based on 
ZHL-12 (P2-1) and  ZHL-16 (P2-2 and 
P2-3).
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approx. 1985-87; Pgm-versions:
P1: reading stored table values only
P2-2: real calculation with ZHL-16
P2-3: similar; more conservative

Deco Brain Trials(2a)

manual simulator



Bühlmann Memorial Symposium 2019

version with backplate 
illumination/ switch with 
inside reed contact for 
backplate illumination

backplate illumination in the 
dark

Deco Brain Trials(2b)
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side length 
approx. 4-5mm)

vacuum under 
mebrane

display test rig

Deco Brain Trials(3)
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Deco Brain Trials(4)

photos by Kurt Amsler
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Deco Brain Trials(5)
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Deco Brain Trials(6)

from:
Bühlmann Albert A (1986) 
Dekompressionstabellen –
Dekompressionscomputer, VDTL, Der 
Tauchlehrer, Heft 5, 1986
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Decompression 
Problems in Space
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Decompression Problems in Space (1)
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Decompression Problems in Space (2)
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Decompression Problems in Space (3)
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Decompression Problems in Space (4)
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Decompression Problems in Space (5)
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About the Author
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Professional and Diving Career
Born on 03.01.1953 in Bern (Switzerland), having a M.Sc. in Mech. Eng. from the Swiss Federal 
Institute of Technology (ETH), he has been working nearly 20 years in the computer science industry.
From 2010 to his retirement in January 2016 he was working as a project manager in one of Switzer-
lands biggest enterprises, with focus on energy procurement. 

Beat Müller holds a certificate as a National Instructor (I**** CMAS) and numerous other instructor
and Instructor Trainer certifications from CMAS, NAUI, PADI, FASSAS and SCD. Appointed Staff
Instructor Cave Diving by cmas.ch in 2004, he looks back on approx. 4500 dives all over the world. 

In the mid-eighties, cooperation with Prof. Dr. A.A. Bühlmann in Zurich, with his direct involvement in the high altitude diving
research- and test-program up to 2500m asl. He was the responsible software engineer who wrote the software for the 
famous ’86 Bühlmann air-diving tables, as well as the high altitude dive tables for the diving expedition of a group of divers of 
the British Rhine Army at Lake Titicaca at 3800m asl. He also gave contributions to publications such as “Decompression –
Decompression Sickness (Bühlmann) and “Deeper into Diving” (J. Lippman) and numerous training aids of the Swiss Fede-
rations SUSV and cmas.ch.

Other activities:2004 – 2008 Vice President of the Technical Committee of CMAS International, 2000-2013 Member of the 
Committee of Technical Diving of cmas.ch, from 2004 – 2013 Head of the Cave Diving Working Group in the Technical 
Committee of CMAS International. Working as an international ITC CMAS Course Director in Turkey, North Africa and Ireland. 
He is the author of the Cave Diving Standards and Training System of CMAS International and of Swiss Cave Diving.

Together with Fritz Schatzmann he is the author of the European reference book „Höhlentauchen“ (engl.: “Cave Diving”), and 
“Cavern Diver” (in German and English) , officially recommended by the World Underwater Federation CMAS.

He is also a founding member and former president until 2015 of the largest European cave diving association “Swiss Cave 
Diving” and co-owner of the registered trademarks "Swiss Cave Diving", "Swiss Cave Diving Instructors" and "Swiss Cave 
Divers". He is still working as a member of the board in the position of a Director of Standards. 
Since 2006 he is the webmaster of the most visited cave diving website in Europe, www.swiss-cave-diving.ch . He lives with 
his wife in the greater Zurich area. 

He has given numerous presentations on decompression modelling and on Prof. Bühlmann’s work in Switzerland, many other 
European countries, North Africa and Mexico.
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Other Activities of Preference…

(hanging on the deco-bar after a 80m Trimix dive at 
the Milford Haven, Genova)


