Dive computers rely on
complex mathematical
algorithms modelling the
behaviour of gasses in the

human body to calculate
decompression profiles; A
model railway is a miniature
replica of the real thing. It
looks similar and runs too.

A model may mean dif-
ferent things. It can signify
a miniaturisation, like the
kit airplanes some of us
assembled when we were
kids or an electrical model
railway. It can mean mim-
icking or resembling some-

thing, the appearance or .
behaviour of which we From Dive Computers to Reef Ecosystems

ol Models ¢ Simulations

— Limitations to Accuracy & Pitfalls to Keep in Mind

Furthermore, it may also stand for  Why do we use models? outcome of some processes, or In fields related to diving, models  this publication, is also analysed
simplification. In the framework of ~ We resort to models when we analyse consequences of some are predominantly used in ecol- by running complex models.
this article, all of these meanings need to simplify complex mecha-  decisions—sometimes with the aid  ogy and hyperbaric physiology.
will apply to some extent. nisms or relationships in order of computers running complex Climate change, the effects of Represen’ra’rions

to make decisions, predict the simulations of various scenarios. which is another recurring topic in - The compartments or *“fissues”
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Ecosystems can be viewed as systems of
connected “compartments” between
which matter or energy flows.

ecology

Figure 1. A diagram showing “A
nifrogen-based model of plankton
dynamics in the oceanic mixed
layer” by Fasham, M. J. (et al, 1990).
The connecting arrows indicate flows
of material between these com-
ponents, driven by processes such
as primary production, grazing and
remineralisation. Closed-headed
arrows indicate flows of material that
remain within the model ecosystem;
open-headed arrows indicate flows
of material out of the modelled
domain—for instance, below the
ocean’s upper mixed layer.

used in decompression algorithms
in dive computers are, for exam-
ple, not real tissues but fictional
representations with a simulated
behaviour, which has been
designed to resemble the on

and off gassing that takes place
inside and between the real fis-
sues making up the organism of a
diver. In order to make these cal-
culations manageable, a number
of simplifications and assumptions
have to be made. The truth is that
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nobody knows exactly what goes
on at the microscopic level, the
dynamics of which are sfill up for
much discussion and a subject of
ongoing research.

Close enough

The models (or mathematical
representations) used in dive com-
puters make predictions, which
correlate closely enough with ac-
tual data and observations made
during tests conducted by hyper-

In order not to deplete the world's stocks of fish, one cannot take more than
the “maximum sustainable yield"” out of the ocean. Fishing quotas are calcu-
lated using complex population and ecosystem models.

@ 55  X-RAY MAG : 92 : 2019

EDITORIAL FEATURES

Phyto-
plankton

Bacteri o Zo0o-
actena plankton

TRAVEL

. Detritus I

CCBY-SA 3.0

baric researchers over
many decades. We use
and frust these instruments
to keep us out of harm'’s
way. For the most part,
they do—many thousands
of dives have been con-
ducted safely and without
any incidences.

However, a substantial propor-
tion of occurrences of decom-
pression illness (DCI) has hap-
pened to divers who stayed well
within the limits and without any
immediate explanation. It is a
testament to the fact that dive
computers, no matter how sophis-
ticated they may have otherwise
become over time, are not able
to state what is actually going on
in the body—only what is, in all
likelihood, going on. They are sim-
ply predictors. Until some fancy
technology comes around which
can directly monitor gas loading
in various tissues in real time as we
dive, it is all they can do.

Why can’t models

be accurate?

In order to better illustrate the limi-
tations of models, let us look into
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how models are used elsewhere,
say, in aquatic ecology—a field
that should also have plenty of
relevance to divers. Researchers
and managers would typically
like to know how an ecosystem
behaves, or about its resilience

to the impact of various human
activities. It could be a matter of
water quality, management of
fisheries (such as setting sustain-
able quotas), the effect of marine
protected areas, the effect of
some maijor infrastructure (such as
a bridge or dam), or the restora-
tion of lakes, wetlands or seas.

In other words, models are
about describing various chang-
es to the overall system, along
with the relative magnitude and
significance of its constituent
processes. In doing so, the most
important processes and factors
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are prioritised, as it is an under-
standing of the general behaviour
of the system, and usually not the
finer details, which is sought.

Models are very much about
flows (i.e. of matter or energy)
between compartments. For
example gasses that moves
between simulated human fis-
sues or how carbon would flow
through an ecosystem. Let’s take
a look at the mechanics.

Back to school

We can use a familiar elementary-
school math example to demon-
strate how flows are calculated:

Ben travels in a car between
city A and town B, which are
100km apart, and he is driv-

ing at an average velocity of
50kph. Most of us can easily
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figure out, without the use of a
calculator, that it would take
Ben two hours to get from A

to B, or that in 30 minutes, he
would have travelled 25km, and
so on. Such calculations are friv-
ial, and we perform them every
time we leave the house to be
somewhere else on time.

In a model, the two towns are the
compartments and the car is the
matter that “flows” between them
at a certain rate (its velocity).
Timetables can be viewed as
simple models. They predict with
reasonable accuracy when a bus
or train is going to make it to its
destination, under the presump-
tion that there are no major acci-
dents holding us up. We will get
back to the importance of under-
lying assumptions in a moment,

PHOTO & VIDEO PORTFOLIO

HANS HILLEWAERT - CC BY-SA 4.0



ecology

but if we leave extraordinary circum-
stances out of the picture for now, we
do not need to precisely account for the
effect of every traffic light or the number
of potholes in the road along the route
as these effects usually do not make a
major difference in the end.

The above example assumes an aver-
age or even speed, an assumption or
condition which is important to keep in
mind going forward.

Dynamic systems
What if the speed was not even but fluc-
tuated significantly2 Say, if the subject (or
“compartment,” in model-speak) we are
looking at is not a car or a bus travelling
predictably along a road, but rather some
volume of water flowing in the ocean,
subject to fides and wind, passing through
a strait or tumbling down a rivere

The systems’ behaviours we want to
analyse—perhaps for the sake of mak-
ing some forecast—are often highly
dynamic, and the systems’ constituent
compartments can be simultaneously
affected by many factors. Complex sys-
tems may even exhibit chaotic behav-
iours on various levels, such as weather,
but let’s ignore that complication for the
time being.

Describing system dynamics

In order to understand the dynamics of
systems and how they are described
mathematically, we can stick with exam-
ple of the car going from A to B and take
a closer look at the relationship between
location, velocity and acceleration:

Velocity (v) is the rate at which you
change location and acceleration (q)
is the rate at which you change your
velocity. Or more formally (where A
means the difference or change):

A distance Avelocity

v(t) = and a(t) =

A time A time
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Driving is a process whereby some object
moves (“flows”) at some rate (“velocity”)
from A to B. This process may run smoothly,
or vary a lot due to many influences.

These parameters are interlinked in a
way so if you know your acceleration
you can also calculate your speed and
tfime of arrival and vice versa. From our
physics classes, we may recall the classi-
cal law of motion as expressed in the fol-
lowing equation:

p=p,+ vt +%at?

In this equation, p is the position of the
moving object, p, is the starting position, v
is velocity, tis time and ais acceleration.

In terms of an everyday commute, it
simply means that:

Your current location = Starting point
+ (speed x travel time)
+ /2 (acceleration x time?)

If we sketch out such a typical com-
mute on a graph (Figure 2), it should
become apparent that the process of
driving from A to B is the sum of three con-
stituent processes. You set out by accel-
erating up to your cruising speed, coast
along at a steady pace, and then decel-
erate at the end as you come to a stop.

The speed changes only in the begin-
ning and the end of the journey, so this
process of changing your location is fairly

simple to calculate. In fact, the distance
fravelled is simply the area under the
curve. In this case, we just have to add
up the three areas a, b and c.

In this simplified case, acceleration is
always constant, corresponding to the
slope of the curve, which comprises
straight lines.

First, it has a positive but constant value;
then, zero; and finally, it has a negative
value, as the caris coming to a stop. Al
we have to do in order to calculate the
distance covered is add up the area of
the two triangles and the rectangle.

When processes fluctuate

But what if the process was far more
uneven and the changes (in this case, in
velocity) represented a complex curve?
Say, if the car would constantly speed
up and brake?

Velocity

50 km/h 4

Cruise at even speed

The next figure
(right) shows an
example where
speed fluctu-
ates—the slope
of the gradient

is the accelera-
tion/decelera-
tion.

Then, simple
geometry or
linear algebra

would not be
able to provide

Figure 2. Graph of a typical commute in a car, driving from A to B. The
areas under the curve (a + b + ¢) is the distance covered. Acceleration is

an immediate
answer, and
we would have

change of speed. The slope of the graph shows acceleration (+/-), which
in this case, is always linear (even) as the lines are straight.
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How long does it take for phosphorus to “fravel” though a lake ecosystem? Phosphorus often
enters aquatic ecosystems when fertilisers used in agriculture reach groundwater or are
washed out with rain. Too much phosphorus in an otherwise clear lake may suffer “eutrophi-
catfion,” a state in which a lake becomes so fertilised that blooms of algae make the water
turbid and vegation rooted on the lakebed dies from being shadowed by algae.

to resort to integral calculus to precisely
calculate the area under the curve, such
as the yellow area on the curve below.
(For those not familiar with integral cal-
culus, you may think of it as summing up
the areas of many infinitesimally thin verti-
cal rectangles that can fit into the yellow
area in Figure 3 below).

VA

a(1)

v(t)

>
t t; t

Figure 3. Example of a velocity vs. fime graph,
showing the relationship between (a chang-
ing) velocity v on the Y-axis, acceleration a (the
three green tangent lines represent the values
for acceleration at different points along the
curve), and distance fravelled s (the yellow
area under the curve). Source: Wikipedia
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This is all fine and dandly if it is possible
to intfegrate the equation describing the
motion—which, in the overall context of
this article, should just be viewed as a
stand-in, also representing processes in
biology and physiology.

t2
[ v
t1
The big rub

But here comes the big rub: It isn’t always
possible. In fact, once we deal with sys-
tems comprising many compartments
and some complexity, it is rarely pos-
sible to integrate the resulting equation
describing the system. That is, when we
cannot solve the integral, made up of
many functions each of which may be a
differential equation representing some
process influencing the total result:

X = f a(t) + b(t) + c(t) + d(t) ...

Distance =

In modelling, we often have to describe
a system of processes that are the com-
bined result of many constituent subordi-
nate processes. Each of these constituent
processes may also exhibit dynamic com-
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plex behaviour, and in turn, be affected
by yet another underlying layer of pro-
cesses. In such cases, we can end up with
some very long and gnarly equations.

Do we need all the details?
Imagine describing the motion of a car by
calculating the sum of influences of every
single part of the engine, the fransmission,
the state of the road, the weather condi-
tions, and so on. Of course, given the little
variability or minimal impact of each of
these many small factors and processes,
we can usually ignore them and still end
up with reasonably accurate estimate of
how soon we will make it to work under
normal conditions. That is, we presume
that bridges we need to cross will not col-
lapse, and so on.

On an aside, this also goes to demon-
strate how simplifications and reductions
of factors is a quite reasonable exercise
regarding many daily scenarios. By ignor-
ing the effects of every single fraffic light
as well as variable road and weather
conditions, we may get a less accu-
rate result but still perfectly usable and
acceptable estimate. Only one has to
accept that the price of simplicity and
ease of calculation is some loss of accu-
racy, which may, or may not, have any
practical significance in the end.

Sometimes details matter

But in other cases where the constituent
processes play a more significant role in
the forecast produced by our model, we
can find ourselves forced to deal with
the aforementioned long and gnarly
equations that cannot be integrated—
whereby a result can be computed from
entering various variables into the result-
ing equation.

Simulation

Instead, one has to resort to a step-wise
simulation. This is akin to calculating each
of the rectangles under the curve and
summing them all up, as opposed to
calculating the area in one go, with an
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solved with numerical analysis—a brute-force approach requiring massive supercomputers.

infegral. In the example above with the
moving car, that would equate to metic-
ulously adding up the distance covered
second by second, or whatever time
inferval is suitable.

Many calculations required

But there is a little snag. The more pre-
cisely this has to be done, the smaller
intervals have to be applied, and as

a result the more calculations have to
be performed. The smaller intervals the
closer the total area of the rectangles
will resemble the area under the curve.
Obviously, one has to find a compromise

between computing time and accuracy.

Brute force and supercomputers
Simulations of complex dynamic systems
when performing a numerical analy-
sis is a brute-force approach requiring
immense computing power, which is
why supercomputers are used to process
weather and climate models.
Ecological systems, in particular, are
composed of an enormous number of
biotic and abiotic factors, which inter-
act with each other in ways that are
often unpredictable, or are so complex
that ecosystem models—even when run
on massive computers—still have to be
simplified, say, to only include a limited
number of components, which are well
understood.

The entity we want to calculate is represented by the area under the curve. When we
cannot use infegral calculus to get a definite result in one calculation, we have to resort to a
stepwise process and calculate the sum of rectangles. The smaller intervals, the greater the
precision, but at a price of requiring still more calculations.
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Simulations of complex systems comprising of interactive dynamic components are approximations
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Perhaps the most salient point regarding
modelling behaviour of complex systems
such as weather, ecosystems or decom-
pression models, is that various assump-
tions and simplifications have to be made
in order to make models workable, so as
to not leave computers to crunch num-
bers for an impractical long fime.

Number of calculations skyrocket
The number of calculations required can
grow very fast. Consider for example a
volume of water in the ocean or a lake.
When modelling aquatic ecosystems,
we often have to resort to looking at the
whole system as a three-dimensional
grid of discrete blocks of water of some
size. Say, we want to describe the flow
of nutrients, upon which plankton live,
through this body of water. We do this by
looking into how many nutrients enter
and exit each compartment as the mat-
ter flows from one volume to the next.
Obviously, the smaller the volumes we
consider, the more accurate we can
resemble the smooth flow that happens
in nature. But how small can we make
these volumes?e

As is illustrated by this toy Rubik’s cube,
every fime we double the resolution—
that is, consider volumes half the length,
breadth and height—we end up with
eight fimes as many smaller cubes or vol-
umes—and with if, eight times as many
calculations. Thus, if you want to improve
spatial resolution by a factor 10, you
will need to perform 10% = 1000 fimes as
many calculations. That is the difference
of sub-dividing the ocean into blocks of
water with a side length of 10m rather
than 100m.

TECH EDUCATION

A simulation of how two
bodies of water with differ-
ent properties (i.e. salinity
or tfemperature) may mix.
The model may comprise
a fine grid of blocks, whose
behaviour is calculated in
small fime intervals.

Models

Temporal resolution

But wait, there is more. A computer model
simulating the behaviour of some com-
plex natural system does so by calculating
its state step-by-step in some intervals of
time. One may liken it to taking a series

of snapshots which together comprise a
movie where movements become appar-
ent. Question is how small the increments
in time need to be in order for the model
to render a reasonable readlistic rendition
of reality.

If we want to halve the sidelength of
the volumes used in our models, we
end up with eight times as many.
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Consider again the flow dia-
gram in Figure 1, representing
how nitrogen flows through an
aquatic ecosystem. Nitrogen and
phosphorus are essential nutrients
for plankton. As such, they are
also termed “limiting” because
the lack of either will keep plank-
ton growth at bay—something
that is often desired and virtually
always in lake restoration.
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Each of these boxes in the dia-
gram represent compartments,
which can hold the nutrient for
some time. Some amount of nutri-
ent will be bound in the biomass
of phytoplankton (one compart-
ment) for some time before it
flows to another, i.e. the compart-
ment representing zooplankton
and so on.

At this point, it should hopefully
be apparent how these flows are
mathematically analogous to our
example with the car travelling
from A to B—only in this case, we
are looking into the movements of
nutrients between the compart-
ments comprising the ecosystem.

Algae bloom in Lake Erie in 2010
caused by fertiliser being washed
intfo the lake by torrential spring
rains, promoting the growth of
cyanobacteria blooms. During
algae blooms, waters become
turbid and oxygen levels will be
depleted by the decay of algae
accumulating on the lake bed.

A
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We can keep adding compartments
and flows to our model in an attempt
fo make it more realistic, but the
added complexity may not be worth
the effort. The frick is to try and stick
to those variables that really matter.

Decide what is important
The flows between these compart-
ments may have different magni-
tude and happen over different
fime scales, so they are not equally
important.

We can keep adding compart-
ments and flows to our model,
which will make it more realistic but
also more complex. We may also
choose to do calculations in still
smaller increments of time, which
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will also add accuracy. Only,

it should be obvious that every
time we make our model more
complex, adding more details

or making the resolution finer, it
often comes with a huge penalty
in terms of computational power
required.

Make some choices
To make models of any practical
use, something has to give. This
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When building models, one must focus on which factors and processes are most important and which can be left
out of the picture for simplicity and ease of computation.

is where we start cutting out the
less important factors, settling for a
cruder but more practical picture.
We comb over our models and
weed out the more unlikely scenar-
ios, or we simply restrict the model
to only apply to certain circum-
stances. In other words, we choose
not to run simulations for every pos-
sible combination of variables, as

there would be too many scenarios

to consider. So, we leave some out.

Mind the assumptions

This is where the concept of under-
lying assumptions comes into the
picture. These assumptions are quite
often ignored in debates or when
models are criticised. But the limita-
tions within which the model is oper-
ated are as important as how the
model itself has been formulated.
Models have some limited applica-
bility and accuracy, which should
always be taken into consideration.
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When they are noft, that is where
and when things can go awry, if
decisions are made on this basis.

On a related note, this may go
some way o explain why divers, on
some occasions, end up getting
bent, despite following protocol and
staying well inside decompression
limits. As sophisticated as our dive
instruments have become, most of
us do not stand a chance in under-
standing the algorithms used. But
we can all appreciate that they
will never be perfect, resting
on assump- tions
and S
equa- F
tions
that
hold
frue in
most cases, while there
may be rare instances, say, unusual
combinations of factors, where they
donot. m

Various assumptions
and simplifications
have to be made in
order to make models
workable.
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