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Agenda:

→ Haldane & beyond

• What did he do?

• How did he do it?

• And what the hell did his son Jack (age 13)?

→ The landscape: „ …my model is better than yours!“

• Perfusion, Diffusion, Dual Phase, Hybrid-Models, …

• Parallel versus Serial Models

• Deterministic versus Statistic Models

• Prominent representatives of the others and working 

examples

→ Bonus Material:

• Exotic Models & strange Implementations

• DCS as a „CUSP“ catastrophe?

History and Development of 

Decompression Algorithms

http://www.smc-de.com/
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Henry L. Stimson, 1948:

„History is often

not what actually happened

but what is recorded as such.“

History and Development of 

Decompression Algorithms

http://www.smc-de.com/
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→ What did he do?

→ How did he do it?

→ And what the hell did his son Jack 

(age 13)?

Haldane & beyond:

http://www.smc-de.com/
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Haldanes „2:1“

Haldanes „2:1“

Fundamental Postulations:

→ The human body (*) consists of 5 model-tissues, aka „compartments“ 

→ these compartments are connected in a parallel manner

→ the uptake & release of inert gas follows an exponential law

→ the characteristic exponent is a half-time (HT)

→ here the 5 HTs are:  5, 10, 20, 40, 75 min

 (basically, the HT is the inverse of the perfusion) 

→ The uptake & release is symmetrical (same exponent)

→ each compartment tolerates a certain super-saturation with inert gas

→ this super-saturation is approx. 2 * the ambient pressure:

→ ergo: „2:1“ which is valid only for:

→ „uneventful“ decompression (i.e. without any inert gas bubbles)

(*) we skip:

→ the allometric scaling from goat to humans …

→ fN2 = 1.0; 

→ TTS < 30 min, ambient pressure < 6 atm, …

http://www.smc-de.com/
http://www.smc-de.com/
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Haldanes „2:1“

Haldanes „2:1“

http://www.smc-de.com/
http://www.smc-de.com/
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6

        Haldanes „Range“          →

Haldanes „2:1“

Haldanes „2:1“

http://www.smc-de.com/
http://www.smc-de.com/
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Perfusion

Perfusion

modifiziert und mit freundlicher Genehmigung von Dr. David A. Doolette, 

USN NEDU: Doolette, D. J. and Mitchell, S. J. 2010. Hyperbaric Conditions.

Comprehensive Physiology. 1:163–201. 

http://www.smc-de.com/
http://www.smc-de.com/
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Perfusion

Perfusion

LDE: linear differential equation

Solution for ΔP = const.: Haldane equation

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

http://www.smc-de.com/
http://www.smc-de.com/
https://www.divetable.info/skripte/theory.pdf
https://www.divetable.info/skripte/theory.pdf
https://www.divetable.info/skripte/theory.pdf
https://www.researchgate.net/publication/378653647_Introduction_to_Decompression_Calculation
https://www.researchgate.net/publication/378653647_Introduction_to_Decompression_Calculation
https://www.researchgate.net/publication/378653647_Introduction_to_Decompression_Calculation
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Perfusion

Perfusion

modifiziert und mit freundlicher Genehmigung von Dr. David A. Doolette, 

USN NEDU: Doolette, D. J. and Mitchell, S. J. 2010. Hyperbaric Conditions.

Comprehensive Physiology. 1:163–201. 

http://www.smc-de.com/
http://www.smc-de.com/
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ca. 1080 dives, thereof:

→    835 dives with 85 goats

→    316 dives with smaller critters

→ 37 dives with 4 subjects + JSH + Jack

Source:

Haldane, J S.

Respiration, p. 346,

Yale University Press, 

1922, 1927

http://www.smc-de.com/


Haldanes „ 2: 1“;  picture: „Suffer & Survive“; Goodman, Martin; 

Pocket Books, Simon & Schuster, London, 2007.

individual susceptibility (p. 404 ff):

sex (?), size (?), activity, blood volume (?), …

72 lbs = 4,97 Bar

6 fathoms = 

36 feet = 11 m

https://www.divetable.eu/BOOKS/119.pdf


The first diving table 

of the world with

staged 

decompression

(1907),

Table I, 

p. 442

approx. 55 profiles;

JSH wanted to have

> 30 goats per profile



The first diving table of the world with

staged decompression (1907), Table I, 

p. 442: became wildly successful !!!

Source: Haldane, J S. Respiration, p. 350, Yale University Press, 1922 / 27
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→ Perfusion: Haldane – Workman - Schreiner- Hamilton – 

Ruff & Müller – Thalmann – Bühlmann & Hahn - …

• # compartments, half times (HT, τ), M0

→ Diffusion: BSAC (Hempleman), DCIEM (Kidd-Stubbs, Nishi), … 

• various geometries (slab, (Krogh-) cylinder, …) 

→ Thermodynamic: Hills, B.A.

→ Dual Phase: („Bubble Models“): VPM (Yount, Hoffman), …

→ Hybrid-Models: COPERNICUS (Brubakk), …

→ Deterministic versus Statistic Models

• maximum likelihood, BVM(3), …

WARNING: this is not a concluding list! 

The landscape: „ …my model is 

better than yours!“

http://www.smc-de.com/


the landscape …

Dr. Max Hahn 

(1929 – 2000)
Prof. Dr. med.

Albert Alois Bühlmann

(1923 – 1994) 18

Prof. Drs.:

Ruff, Siegfried und 

Müller, Karl Gerhard

                -??-

-??-

Capt. Dr. Ed Thalmann 

(1945 – 2004)

(1860 – 1936)

Dr.  Robert William „Bob Bill“ Hamilton

(1930 – 2011)

Capt. Dr. 

Robert Dean

Workman 

(1922 – 1998)
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“Physiological models of decompression have

traditionally had a bad press. … 

The modelers attempted to improve the fit by adding compartments 

with longer and longer time constants, with no marked improvement.”

Source: Predictions from a mathematical model of decompression 

compared to Doppler scores.

DR. VALERIE FLOOK, UHM 2011, Vol. 38, No. 3; p. 187

http://www.smc-de.com/
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The landscape
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http://www.smc-de.com/
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6

 Half Time 400 min,

Perfusion small

Half Time 5 min,

Perfusion large:  → 

The landscape

http://www.smc-de.com/
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Decompression-Models: Serial versus Parallel

Kompartiment #1

         HWZ 1

Compartment #2

         HT 2

Compartment #3

         HT 3

Compartment #4

         HT 4

P alveolar = P arterial

Compartment #1

         HT 1

P venous

P alveolar = P arterial

Kompartiment #1

         HWZ 1

Compartment #2

         HT 2

Compartment #3

         HT 3

Compartment #4

         HT 4

Compartment #1

         HT 1

P venous

Serial Model

Parallel Model

P1 P2 P3

P4

P1
P2 P3 P4

http://www.smc-de.com/
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Covered by 

oblivion:

Ruff & Müller

http://www.smc-de.com/
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Heinz Schreiner et al.
Schreiner, H.R., and  Kelley, P.L.  "A Pragmatic View of Decompression,"  

Underwater Physiology  Proceedings of the Fourth Symposium on Underwater 

Physiology, edited by C.J.  Lambertsen.  Academic Press, New York, (1971) pp. 205-219

http://www.smc-de.com/
https://www.divetable.eu/UW_PHYS/108_Vol_IV.pdf
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→ Diffusion: BSAC (Hempleman), DCIEM (Kidd-Stubbs,

Nishi), …  various geometries: 

The landscape:

http://www.smc-de.com/
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→ Diffusion: BSAC (Hempleman), DCIEM (Kidd-Stubbs,

Nishi), …  various geometries: 

The landscape:

Results: BSAC 88

http://www.smc-de.com/
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→ Diffusion: BSAC (Hempleman), DCIEM (Kidd-Stubbs,

Nishi), …  various geometries: 

The landscape:

Sources: 

• The new decompression tables, Appendix I, RNPL; in:

A Medical Code of Practice for work in compressed air, 1968, p. 15 – 33

• Hempleman, H.V. Decompression procedures for deep,

open sea operations; in: Proceedings of the 3rd Symposium

on Underwater Physiology, March 1966, p. 255 – 266

• Hempleman, H.V. Tissue Inert Gas Exchange and Decompression

Sickness; in: Proceedings of the 2nd  Symposium on Underwater

Physiology, February 1963, p. 6 – 13

• Hempleman, H.V. Investigation into decompression tables.

Report III, Part A, A new theoretical basis for the calculation

of decompression tables. RNPL, June 1952. 

http://www.smc-de.com/
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DCIEM
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(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 1133 Sheppard Avenue West, P.O. Box 2000, 

Downsview, Ontario M3M 3B9

http://www.smc-de.com/
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[28] DCIEM Diving Manual, DCIEM 

No. 86-R-35: Part 1 AIR Diving Tables 

and Procedures, Part 2 Helium-

Oxygen Surface-Suppplied 

Decompression Procedures and 

Tables; Defense and Civil Institute of 

Environmental Medicine, Canada

http://www.smc-de.com/
https://www.divetable.eu/p125936.pdf
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Perfusion AND (!) Diffusion;

exempli gratia: ascent

Perfusion

Capillary Bed:

arterial end

Capillary bed: 

venous end

Inertgas-

Gradient

http://www.smc-de.com/
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→ Thermodynamic: Hills, B.A.

The landscape:

http://www.smc-de.com/
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→ Thermodynamic: Hills, B.A.

The landscape:

http://www.smc-de.com/
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→ Thermodynamic: Hills, B.A.

The landscape:

Sources: 

→[102] Hills, Brian Andrew (1977), Decompression Sickness, 

Volume 1, The Biophysical Basis of Prevention and Treatment, 

John Wiley & Sons, Ltd.. ISBN 0 471 99457 X, p. 260

→9th. UHMS workshop, p. 100 – 118

Opinion: 

“It is therefore possible that the “success” of these 

diving techniques could easily fall

within  the statistical confidence limits of conventional

Haldane based diving theories.”

Source: Gernhardt, ML., Dissertation,  p. 23

http://www.smc-de.com/
https://www.divetable.info/books/102_cover.pdf
https://www.divetable.eu/BOOKS/102_cover.pdf
https://www.divetable.info/books/102_cover.pdf
https://www.divetable.eu/BOOKS/102_toc.pdf
https://www.divetable.eu/UHMS_workshops/9.pdf
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Dual Phase: („Bubble Models“):

Perfusion + Description of the free gas phase ( = bubbles)

3 prominent representatives:

→ VPM (Varying Permeability Model; deterministic)

„best fit“ via USN, RNPL, TEKTITE

Implementations in various mix gas computers &

 free-/share ware programs

→ RGBM (Reduced Gradient Bubble Model; deterministic)

 cryptic …, „VPM like“

 licence models for Suunto® & Mares® computers

 relatively great bubbles method  … (© ALBI)

→ BVM(3) (Bubble Volume Model; probabilistic) from USN

3 compartments (HT = 1; 26; 316 min.)

The landscape:

http://www.smc-de.com/
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Dual Phase: („Bubble Models“):

The deterministic representatives work with:

DUAL PHASE

i.e.: FREE phase (gas bubbles) 

AND the LIQUID phase (gas in solution)

this is the perfusion part of the model:

Start: saturation

End: de-saturation

only difference to Haldane, Workman, etc:

„1 equation“ for „safe ascent depth“ (aka “ceiling”)

constant for all compartments / half-times

constant for all depths

The landscape:

http://www.smc-de.com/
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→ Hybrid-Models: COPERNICUS (Brubakk), …

The landscape:

http://www.smc-de.com/
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http://www.smc-de.com/
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Copernicus;

source: Alf B. himself

38

http://www.smc-de.com/


Copernicus



Possible, tentative and surprising 

conclusion

◼ Dives with long, > 
30 minutes, 
bottom time may
benefit from deep 
stops

◼ Dives with short, < 
30 minutes, 
bottom time will 
not benefit from 
deep stops.
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P(DCS): 

statistical probability (P) of 

contracting a decompression 

sickness (DCS)

P(DCS) = 1.0 – P(no DCS)

41

http://www.smc-de.com/
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P(DCS): dose- / response curve 

according to Hill

42

P(DCS)

Inertgas Dose, eg.: Depth * Time;  or p * SQRT(t); or:

„deco stress“, # bubbles, bubble volume, Doppler Counts, …
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http://www.smc-de.com/
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„deterministic“ vs. „statistic“

43

deterministic statistic

INPUT:

OUTPUT:

MODEL 

TYPE:

Calibration

Database:

→ n * 103 dives …

→ biometrics

→ environment

→ DCS outcome / 

→ doppler scores …

Dive 

Parameters:

→ depth

→ time

→ fO2

→  …

SAD (safe ascent depth,

ceiling)

stop depth & time

P(DCS)

probability of 

contracting DCS

http://www.smc-de.com/
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„deterministic“ vs. „statistic“
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Depth

P(DCS)

= 0,05

5%

P(DCS)

= 0,01

1% USN old USN 2008 RGBM RGBM DSAT RDP

(= PADI, old) dive #1 dive #2 (= PADI, new)

feet m NDL [min] NDL [min] NDL [min] NDL [min] NDL [min] NDL [min] NDL [min]

25 7,6 - - 595 1102 - - -

30 9,1 240 170 405 371 150 150 -

35 10,7 - - 310 232 - 110 -

40 12,2 170 100 200 163 110 110 140

50 15,2 120 70 100 92 80 80 80

60 18,2 80 40 60 63 55 55 55

70 21,3 80 25 50 48 40 40 40

80 24,4 60 15 40 39 30 30 30

90 27,4 50 10 30 33 25 n.a. 25

100 30,5 50 8 25 25 20 n.a. 20

110 33,5 40 5 20 20 16 n.a. 17

120 36,6 40 5 15 15 13 n.a. 14

130 39,6 30 5 10 12 10 n.a. 12

http://www.smc-de.com/
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saturation pressure, pamb [atm] →

P
(D

C
S

) 
  
→

original  data

from 

Haldane: 

experiments

with goats

„deterministic“ vs. „statistic“

http://www.smc-de.com/
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„deterministic“ vs. „statistic“

Source: David J. Doolette, South Pacific 

Underwater Medicine Society (SPUMS) Journal 

Volume 35 No. 1 March 2005, S. 28 – 31

http://www.smc-de.com/
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Surfacing Values (M0), ptiss, tolerated [Bar] →

P
(D

C
S

) 
  
→

„deterministic“ vs. „statistic“

„2:1“

„fast“ 

compartment

= small HT

„slow“ 

compartment

= big HT

http://www.smc-de.com/
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→ Bühlmann: 

→ 1000 ft experiments (Keller et al.)

→ Max Hahn 

→ & Deco-Brain

→ United States Navy (USN)

→ New diving manuals: no more 10 feet stops 

→ LEM / VVAL18 

Prominent representatives of the 

others and working examples

http://www.smc-de.com/
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[4] Dekompression - Dekompressionskrankheit, A. A. Bühlmann, 

Springer, 1983, ISBN 3-540-12514-0

[5] Tauchmedizin (Barotrauma, Gasembolie, Dekompression, 

Dekompressionskrankheit) A. A. Bühlmann, Springer, 1993, ISBN 3-540-

55581-1

[65] "Tauchmedizin", Albert A. Bühlmann, Ernst B. Völlm (Mitarbeiter), 

P. Nussberger; 5. Auflage in 2002, Springer, ISBN 3-540-42979-4

http://www.smc-de.com/
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Bühlmann (1)

50

http://www.smc-de.com/
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Bühlmann - Hahn

51

http://www.smc-de.com/
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Bühlmann (2)

52

Source:

„stern“,

december

1962

http://www.smc-de.com/
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Bühlmann (3)
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Source: ALBI;

my deco brain museum

http://www.smc-de.com/
https://www.divetable.info/museum_e.htm
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Bühlmann (4)
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Source: ALBI;

my deco brain museum

http://www.smc-de.com/
https://www.divetable.info/museum_e.htm


logo_small

USN (1)
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Sources: 

[14], [15], 

[15a], [15b], [15c], [15d]

http://www.smc-de.com/


logo_small

USN (2)
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Source: Workman R. D. (1965) NEDU Report 6-65

http://www.smc-de.com/
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USN (3)
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→ USN (4) / LEM / VVAL18 

Prominent representatives of the 

others and working examples
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“Haldane works if you use it properly!”

R.W. Hamilton

17th UHMS  workshop, p. 135;

1978

 

Coda:

http://www.smc-de.com/
https://www.divetable.eu/UHMS_workshops/17.pdf
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→ Exotic Models & strange Implementations

 → DCS as a „CUSP“ catastrophe?

Bonus Material:

http://www.smc-de.com/
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Exotic Models & strange Implementations:

→ ONE compartment (1-tissue model)

→ CMD (Complex Mathematical Decompression)

→ ABM (Articular Bends Model)

→ COMEX (AB-Model, Compagnie Maritime d’Expertises)

→ RGBM (Reduced Gradient Bubble Model, B.R. Wienke)

→ TBDM (Tissue Bubble Diffusion Model, M. L. Gernhardt)

→ Srinivasan & Gerth: plethora of bubble models …

→ Saul Goldman‘s models (Safe Advanced Underwater 

aLgorithm, or S.A.U.L.); (3CM)

→ PADUA (Pennsylvania Analysis of Decompression for 

Undersea and Aerospace)

→ GFM (Gas Formation Model)

→ PBPK („physiologically based pharmacokinetic” models); 

often combinations of parallel and serial compartments

→ Contractors Tables (deep secret … ☺)

→ EXPOSER (DRF, HT 1 s → 2760 min)

→ infinite (∞ ) many compartments 0א 

→ .

→ ..

WARNING: this is not a concluding list!

http://www.smc-de.com/
https://www.divetable.info/skripte/CAISSON/Quellen.pdf
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Not Chaos-, but:

Catastrophe-Theory!

62

"Note:

The senior (elder) author believes that

the only explanation for most cases of DCS 

lies in the random application

of Chaos Theory, 

which he also does not understand, 

or String Theory 

which no-one understands."

[Diving Medicine for Scuba Divers, Edmonds et al.,

ISBN: 978-0-646-52726-0, p. 138]

http://www.smc-de.com/
https://www.divetable.eu/DMfSD_2010.pdf
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Not Chaos-, but:

Catastrophe-Theory!

63

Sources:

→ Thom, R. (1972)

Stabilite Structurelle et Morphogenese,

W. A. Benjamin, Reading, MA; English transl.:

Structural Stability and Morphogenesis (by David Fowler), W. A. 

Benjamin, Reading, MA, 1975.

→ Gilmore, Robert (1981)

Catastrophe Theory for Scientists and Engineers

Wiley, ISBN 0-471-05064-4

http://www.smc-de.com/
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Not Chaos-, but:

Catastrophe-Theory!

64

Projection

of (Energy)

Potentialfunction

of a

„CUSP“

catastrophe

→ i.e.:

1st. & 2nd. 

Derivative yields:

Bifurcation Set

in the plane of

Control Variables

PRT? ------------→

PRT = Pressure * Root(DiveTime)

http://www.smc-de.com/
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